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Abstract
Cu2ZnSn(S,Se)4 (CZTSSe) is recognised as a promising photovoltaic material for its high
theoretical power conversion efficiency, direct band gap and high absorption coefficient. In
this work, earth abundant Cu2ZnSnS4 nanoparticle inks were deposited on both rigid and
flexible substrates, and subsequently converted to high quality thin film Cu2ZnSn(S,Se)4
photovoltaic absorbers. Integration of these absorbers within a flexible thin film solar
cell device structure yields a solar energy conversion efficiency which is comparable to
identical devices processed on rigid glass substrates. Importantly, this is only achieved
when a thin layer of molybdenum is first applied directly to the foil, as this layer limits the
formation of a thick Mo(S,Se)x layer resulting in a substantially reduced series resistance.
Alkali doping is a key factor in the performance of thin film photovoltaic cells with
reported benefits including promotion of grain growth, passivation of grain boundaries and
increased carrier concentration in chalcopyrite and kesterite based solar cells. Research-
grade devices fabricated in substrate configuration often rely on diffusion of Na from a
soda lime glass substrate into the photovoltaic absorber layer during high temperature
processing. However, for samples on flexible substrates such as foils and plastics, this
is not available and requires alternative approaches. In this work, Earth-abundant
Cu2ZnSn(S,Se)4 thin film solar cells were fabricated from nanoparticle inks on flexible
molybdenum substrates. A simple, low-cost route to incorporating Na in the nanoparticle
ink solution is demonstrated and has the advantage of being compatible with large area,
high volume manufacturing. The technique is verified to improve the device efficiency
relative to a reference flexible device built on molybdenum foil.
The technique results in a 4.4% CZTSSe solar cell on a flexible Mo foil substrate which
is comparable with devices built on rigid glass and a significant improvement on flexible
devices with non-doping absorbers.
i
ii
Contents
Abstract i
Acknowledgements xiii
Declaration xv
List of publications xvii
1 Introduction 1
1.1 Solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Cu2ZnSn(S,Se)4 thin film solar cells . . . . . . . . . . . . . . . . . . . . . . 7
1.2.1 History of kesterite as PV materials . . . . . . . . . . . . . . . . . . 7
1.2.2 Flexible and lightweight kesterite . . . . . . . . . . . . . . . . . . . 9
1.2.3 Alkali doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Aims, objectives and structure of thesis . . . . . . . . . . . . . . . . . . . . 11
2 Theory of thin film solar cells 13
2.1 Fundamental physics of semiconductor solar cell . . . . . . . . . . . . . . . 13
2.1.1 Semiconductor band structure . . . . . . . . . . . . . . . . . . . . . 13
2.1.2 Carrier distribution functions . . . . . . . . . . . . . . . . . . . . . 15
2.1.3 Carrier transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.4 P-N junction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.1.5 Solar cell operation . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.2 Material properties of kesterite . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.1 Crystal structure and lattice constants . . . . . . . . . . . . . . . . 31
2.2.2 Shallow defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
iii
2.3 Losses Mechanism in CZTSSe solar cells . . . . . . . . . . . . . . . . . . . 34
2.3.1 Bulk defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.3.2 Grain boundaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.3.3 Fine grain layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3.4 The interface between absorber and back contact . . . . . . . . . . 37
3 Experimental methods and characterisation 39
3.1 Solar cells fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.1.1 Preparation of substrates . . . . . . . . . . . . . . . . . . . . . . . . 41
3.1.2 Synthesis of CZTS nanoparticles . . . . . . . . . . . . . . . . . . . . 42
3.1.3 Fabrication of CZTSSe thin film photovoltaic absorbers . . . . . . . 43
3.1.4 Completing the solar cells . . . . . . . . . . . . . . . . . . . . . . . 45
3.2 Materials characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.1 Optical spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.2 Atomic force microscopy (AFM) . . . . . . . . . . . . . . . . . . . . 49
3.2.3 Scanning electron microscopy (SEM) and Energy dispersive X-ray
spectroscopy (EDS) . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2.4 X-ray diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2.5 Secondary ion mass spectrometry (SIMS) . . . . . . . . . . . . . . . 53
3.2.6 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3 Device characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3.1 Current density-voltage measurements (J-V ) . . . . . . . . . . . . . 54
3.3.2 Quantum efficiency (QE) . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3.3 Capacitance-voltage characteristics . . . . . . . . . . . . . . . . . . 55
4 Composition ratio variation 57
4.1 State-of-the-art research on composition ratio of CZTSSe . . . . . . . . . . 57
4.1.1 Optimal composition considering phase stability and secondary phases 57
4.1.2 Kesterite synthesis in equilibrium . . . . . . . . . . . . . . . . . . . 59
4.2 Adjustment of the composition ratio in CZTSSe absorbers . . . . . . . . . 60
4.2.1 Composition and morphology . . . . . . . . . . . . . . . . . . . . . 61
4.3 The influence of Na and added Sn powder . . . . . . . . . . . . . . . . . . 64
4.3.1 Composition and morphology . . . . . . . . . . . . . . . . . . . . . 65
iv
4.3.2 Photovoltaic properties . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5 Flexible kesterite thin film solar cells 71
5.1 Substrates preperation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2 Structural characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.3 Morphology and composition . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.4 Photovoltaic current-voltage characteristics . . . . . . . . . . . . . . . . . . 76
5.5 Investigation of substrate impurities . . . . . . . . . . . . . . . . . . . . . . 80
5.6 The effects of different Mo film thicknesses . . . . . . . . . . . . . . . . . . 82
5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6 Sodium fluoride doping of CZTS nanoparticle inks 85
6.1 State-of-the-art research on alkali doping . . . . . . . . . . . . . . . . . . . 85
6.2 Samples preparation and experimental method . . . . . . . . . . . . . . . . 86
6.3 Photovoltaic performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.4 Morphologies and composition . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
7 Conclusions and Outlook 97
7.1 Thesis summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
v
vi
List of Figures
1.1 PV module experience curve [15]. . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 A summary of up-to date best research-cell efficiencies produced by the
National Renewable Energy Laboratory [18]. . . . . . . . . . . . . . . . . . 4
1.3 Solar cell efficiency as a function of the absorber band gap Eg deduced
from Shockley-Queisser limit model with an AM 1.5G spetrum. Adapted
from [23,24]. The band gap range of kesterite (material under consideration
in this work) is marked. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Thermodynamic losses in solar-energy conversion and solutions [28]. . . . . 7
1.5 Abundance (atom fraction) of the chemical elements in Earth’s upper
continental crust as a function of atomic number. Adapted from [31]. . . . 8
2.1 Schematic energy band for a semiconductor at different conditions. . . . . . 13
2.2 A schematic energy-momentum diagram for (a) an indirect band-gap
semiconductor and (b) a direct band-gap semiconductor. . . . . . . . . . . 14
2.3 Carrier recombination mechanisms in semiconductors. . . . . . . . . . . . . 19
2.4 The formation of PN junction and equilibrium of junction in energy band
diagram.  is electric field, ψp is the electrostatic at p-side, ψn is the
electrostatic at n-side, Vbi is the built-in potential. W is the depletion
region width, WP and WN are the depletion region widths for p-type and
n-type. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Energy band diagram of (a) two isolated semiconductors, (b) and ideal PN
heterojunction at thermal equilibrium. . . . . . . . . . . . . . . . . . . . . 23
2.6 Energy band diagram of a metal adjacent to n-type semiconductor, ϕm >
ϕn (a) before contact, (b) Schottky junction formed at thermal equilibrium. 26
2.7 Ideal current-voltage plot for PN junction. . . . . . . . . . . . . . . . . . . 29
vii
2.8 The equivalent circuit of a solar cell. Jsh is the current flows through Rsh. 30
2.9 Crystal structures of CZTS [72–76]. . . . . . . . . . . . . . . . . . . . . . . 31
2.10 Two-dimensional topography spatial maps of a) CIGS, b) CZTS, and c)
CZTSSe. Two-dimensional surface potential spatial maps of d) CIGS, e)
CZTS, and f) CZTSSe [97]. . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.1 The standard process to create solar cell devices. . . . . . . . . . . . . . . . 40
3.2 SEM cross sectional image of CZTS nanoparticle film on Mo/SLG substrate
after spin-coating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3 CZTS film with an average particle size of 21±6 nm spin-coated from
nanoparticle inks: (a) SEM image and (b) scanned with AFM. . . . . . . . 44
3.4 Temperature profile during the selenisation. . . . . . . . . . . . . . . . . . 45
3.5 Schematic diagram of electron beam evaporating system [122]. . . . . . . . 47
3.6 Energy bandgap of CZTS film determined from Tauc Plot. . . . . . . . . . 49
3.7 Atomic force microscope (AFM) diagram of operation [129]. . . . . . . . . 50
3.8 Illustration of the phenomena that occur from the interaction of highly
energetic electrons with matter, also depicting the bulb shape interaction
volume which is typically observed in this type of interactions [132]. . . . . 51
3.9 XRD reflections of relevant phases and materials (Mo [135], CZTS [136],
CZTSe [137], SnSe [138], SnSe2 [139], Cu2-xSe [140], ZnSe [141], Cu2SnSe3
[142]) used for the analysis of kesterite absorbers and solar cells. . . . . . . 53
4.1 (a)Isothermal section of the Cu2Se–ZnSe–SnSe2 system at 670 K [154], (b)
Efficiency map of CZTSSe thin film devices on the ternary phase diagram
[155] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2 Ternary phase diagram of CuZnSn(S,Se)4 with different input ratio and Sn
addition amount during selenisation. 0 mg, 3 mg, 5 mg and 7 mg indicate
the amount added-in during selenisation while the CZTS nanoparticle
precursor were fabricated with the new metal ratio input. The stars "F"
locate the cation ratio positions of CZTS nanoparticles fabricated with
original and new ratio. The red intersection lines are used to indicate the
stoichiometric point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
viii
4.3 SEM images of top view and cross-section for the CZTSSe samples made
with original ratio, (a1) and (a2), new cation ratio anealing with added-in
Sn power 0 mg, (b1) and (b2) , 3 mg, (c1) and (c2) , 5 mg, (d1) and (d2),
7 mg, (e1) and (e2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.4 (a) XRD pattern of CZTSSe absorber on Mo glasses prepared with different
cation ratio and added-in Sn during selenisation. The peaks are normalized
based on the intensity of peak (112). (b) Texture coefficient (Chkl) and
preferred orientation σ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5 SEM images of CZTSSe absorber top views for selenisation directly, (a1),
with only Na present, (b1), with only Sn powder added-in, (c1), with both
Na and Sn, (d1); and their SEM cross-section images, (a2), (b2), (c2), and
(d2), respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.6 (a) XRD pattern of CZTSSe absorber on Mo glasses prepared with Sn
added-in or Na present or both. (b) Texture coefficient (Chkl) and preferred
orientation comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.7 J-V measurement of devices made with Na or Sn treatment. . . . . . . . . 68
5.1 Three dimensional AFM images of (a) bare Mo foil substrate, (b) Mo foil
coated with Mo film, and (c) SLG coated with Mo film. . . . . . . . . . . . 71
5.2 (a) XRD patterns and (b) Raman scattering spectra of absorber samples
on different substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.3 XRD patterns of different substrates. The peaks in the dash square belong
to reflection of peak (200). . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.4 The crystal texture data and the preferred orientation varies on different
substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.5 Surface morphology of CZTSSe sample on (a) SLG, (b) molybdenum foil
and (c) molybdenum foil with Mo film. Cross-sectional image of samples
on (d) SLG, (e) molybdenum foil and (f) molybdenum foil with Mo film. . 76
5.6 The full range cross-sectional SEM images for samples on (a) SLG, (b)
molybdenum foil and (c) molybdenum foil with Mo film layer, and EDS
line scans across the film thickness in (d), (e) and (f), respectively. The
red regions show the positions of EDS line scans. . . . . . . . . . . . . . . 77
ix
5.7 (a) JV curves and (b) EQE reponse of solar cells on rigid and flexible
substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.8 SIMS elemental depth profiles of Mo foil substrate (solid lines) and Mo foil
coated with Mo film substrate (dash lines). . . . . . . . . . . . . . . . . . . 79
5.9 SIMS elemental depth profiles of CZTSSe on substrate (a) SLG, (b)
molybdenum foil, and (c) molybdenum foil with Mo film layer. LG: larger-
grain, FG: fine-grain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.10 (a) Illuminated J-V performance comparison. Illuminated and (b) External
quantum efficiency comparison for devices made on Mo foil coated with
different Mo film thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.1 (a) JV curves of cells prepared from doping and reference inks on Mo
foil. (b) EQE spectra for two samples. The bandgap is estimated by
the minimum value of the derivative of the EQE curves within the long-
wavelength range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.2 Top view and cross-sectional morphologies for CZTSSe absorbers for both
(a) reference and (b) doping samples. . . . . . . . . . . . . . . . . . . . . . 89
6.3 EDS line scans across the film thickness in (a) Na doping sample and (b)
reference sample, respectively. The red regions show the positions of EDS
line scans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.4 (a) XRD pattern of CZTSSe absorber on Mo foil substrate prepared from
doping solution and reference. (b) The crystal texture data and the
preferred orientation for doping and reference samples. . . . . . . . . . . . 91
6.5 SIMS profile indicating the Na, Fe, Cr, Mo content. The solid lines indicate
the reference sample, and the dash lines indicate the doping sample. . . . . 92
6.6 (a) Capacitance-voltage characteristics (CV) of doping and reference
devices. Inset: 1/C2 vs potential profiles to determine built-in voltage. (b)
The carrier concentration profile vs the distance from the junction interface. 93
x
List of Tables
1.1 Technology strengths and key research opportunities for photovoltaic
materials. Revised from [18,22] . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 Comparison of alkali and kesterite cation elements. (revised from [47].) . . 10
2.1 Descriptions of possible CZTS crystal structures [72–76]. . . . . . . . . . . 32
2.2 Lattice data of the kesterite CZTSe crystal [85]. . . . . . . . . . . . . . . . 33
2.3 Calculated formation energies (eV) in CZTS under different growth condi-
tions [87, 91,92]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1 SLG typical composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1 List of secondary phases and their impact on solar cell performance [47]. . 58
4.2 The input metal ratio for CZTS nano particles synthesis and the added-in
Sn amount during selenisation . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 The devices performances with added-in Sn or Na. . . . . . . . . . . . . . . 68
5.1 Optoelectronic parameters of CZTSSe solar cells on different substrate.
The numbers in brackets are average. . . . . . . . . . . . . . . . . . . . . . 77
5.2 The performance of devices built on Mo foil + Mo film substrates with
varying thickness of sputtered Mo film. TMo here means the thickness of
coated Mo film. The numbers in brackets are average. . . . . . . . . . . . . 82
6.1 The devices performance comparison with doping sample and reference.
The numbers in brackets are average. . . . . . . . . . . . . . . . . . . . . . 88
xi
xii
Acknowledgements
As I start to write this acknowledgement chapter, I feel excited and nervous at the same
time. Looking back at the three years I have been here, a lot of emotions flood in. I
can still remember every detail of the first day I arrived in Newcastle to start my PhD
life, innocently and curiously. Three years fly by, involving so many experiences, turning
points, milestones, as well as mind-set changes. My gratitude is far more than words can
carry.
First of all, I am profoundly grateful to my principle supervisor Dr. Neil Beattie. His
continuous support and encouragement of my Ph.D study and related research is critical
to this thesis. His instruction was not only limited within the research topics, also the
scientific methods and critical thinking. I’ve been very lucky to be his student and carry
out a Ph.D project under his supervision.
I also would like to express my sincere thanks to my second supervisor Dr. Guillaume
Zoppi. His practical attitude and professional knowledge about every detail of solar
cells guided me all the way through. Dr Vincent Barrioz gave me invaluable help and
instruction on my research experiment design and data analysis. A great deal of gratitude
goes to Dr. Yongtao Qu, who gave me practical guidance from the beginning till the end.
He gave me detailed instruction on all experiments and characterisation methods. It was
a big pleasure working with you. My research would have been impossible without the
aid and support of technicians in the faculty of Engineering and Environment at the
University of Northumbria. Pietro Maiello, Gavin Warburton and Rebecca Payne always
keep all equipment and laboratories running correctly and safely.
Massive thanks for the support and care from dear friends Yue Wang and Samantha
Mazzamuto, who helped me go through the lowest periods. They were the best company
to have during my PhD life. They have known my saddest tears and heard my happiest
xiii
laughs. They are the brightest stars in the sky.
Heartfelt thanks go to my parents. They provided me with constant encouragement
along the way, and have given me moral and emotional support throughout my life.
And finally, last but by no means least, a lot of thanks to all members of the research
group. It was great sharing a laboratory with all of you during the last three years.
xiv
Declaration
I declare that the work contained in this thesis has not been submitted for any other award
and that it is all my own work. I also confirm that this work fully acknowledges opinions,
ideas and contributions from the work of others. Any ethical clearance for the research
presented in this thesis has been approved. Approval has been sought and granted by the
University Ethics Committee on 23/05/2016.
I declare that the Word Count of this Commentary is 34,064 words
Name: Xinya Xu
Signature:
Date:
xv
xvi
List of publications
Papers
Xinya Xu, Yongtao Qu, Stephen Campbell, Mathieu Le Garrec, Bethan Ford, Vincent
Barrioz, Guillaume Zoppi, Neil S. Beattie. Solution processing route to Na incorporation
in CZTSSe nanoparticle ink solar cells on foil substrates. Journal of Materials Science:
Materials in Electronics, 7883-7889, 30(8), 2019.
Xinya Xu, Yongtao Qu, Vincent Barrioz, Guillaume Zoppi and Neil S. Beattie.
Reducing series resistance in Cu2ZnSn(S,Se)4 nanoparticle ink solar cells on flexible
molybdenum foil substrates. RSC Advances, 8(7), 3470-3476, 2018.
Xinya Xu, Guillaume Zoppi, Yongtao Qu, Vincent Barrioz and Neil S. Beat-
tie.Flexible Cu2ZnSn(S,Se)4 solar cells made from nanoparticle inks. Photovoltaic Science
Applications and Technology PVSAT-13 Proceedings, C99, 2017.
Conferences & Meetings
Xinya Xu, Yongtao Qu, Stephen Campbell, Vincent Barrioz, Guillaume Zoppi, and
Neil S. Beattie. Cu2ZnSn(S,Se)4 nanoparticle ink solar cells on flexible molybdenum
foil substrates, in European Materials Research Society 2018 Spring Meeting, Strasbourg
Convention Centre, France. Poster presentation.
Xinya Xu, Guillaume Zoppi, Yongtao Qu, Vincent Barrioz and Neil S. Beattie.
Flexible Cu2ZnSn(S,Se)4 solar cells made from nanoparticle inks, in 13th Photovoltaic
Science Application and Technology Conference, Bangor University, UK. 5-7th April 2017.
Oral presentation.
Xinya Xu, Guillaume Zoppi, Yongtao Qu, Vincent Barrioz and Neil S. Beattie.
xvii
Flexible Cu2ZnSn(S,Se)4 solar cells made from nanoparticle inks, in North East Energy
Materials Symposium, Durham Universty, UK. 21st April 2017. Oral presentation.
Xinya Xu, Guillaume Zoppi, Yongtao Qu, Vincent Barrioz and Neil S. Beattie.
Flexible Cu2ZnSn(S,Se)4 solar cells made from nanoparticle inks, in Engineering and
Environment Faculty PGR Conference, Northumbria University, UK. 15th June 2017.
Poster presentation.
xviii
Chapter 1
Introduction
1.1 Solar cells
It can traced back to 1837 that the first photovoltaic cell was reported by Edmond
Becquerel as the voltage and current were generated by illuminating silver chloride
connected to platinum and immersed in an electrolyte [1]. Later, the photoconductivity of
a selenium bar was discovered by Willoughby Smith [2]. Following closely, William Adams
and Richard Day confirmed a photocurrent flowing through solid selenium material using
platinum electrodes in response to light in 1877 [3]. The first solar array was installed on
a rooftop by Charles Fritts in 1884, and the cells in this array were prepared by coating
selenium with an ultra thin gold film. The obtained power conversion efficiency of this
array was around 1% [4]. The photovoltaic (PV) effect in cadmium selenide (CdSe) was
firstly noticed by Audobert and Stora in 1932. This discovery revealed the way towards
thin-film photovoltaic solar cells, which in turn raised the prospect of cheap, light and
flexible solar PV [5].
Solar cells invented at an early stage were based on a Schottky barrier in which light
travels through the semitransparent thin metal layer to reach the semiconductor [6]. Over
years of exploration and research, the theory behind such semiconductor-metal junctions
was developed and complemented by Walter Hans Schottky and Nevill Francis Mott in
1939 [7, 8]. The Schottky–Mott rule was proposed to predict the Schottky barrier height
according to the ionization energy of the semiconductor and the vacuum work function
of the metal [9].
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In 1918, an approach to grow a single crystal metal was developed by Polish scientist
Jan Czochralski, which was adapted 30 years later to grow a single-crystal germanium by
American scientist Gordon Teal [5,10]. This method was further adapted by Daryl Chapin,
Calvin Fuller and Gerald Pearson from Bell laboratory and used to produce the first silicon
photovoltaic solar cell of 4% efficiency. The cells were integrated into a module, which was
able to produce usable amounts of electricity in 1954 [11]. The p-n junction structure was
firstly used in the solar panel, which produced far better rectifying action than Schottky
barriers. In 1959, Hoffmann Electronics achieved 8, 9 and 10% efficiency consecutively
and simultaneously developed the grid electrical contact, significantly reducing the series
resistance of the device [5, 12, 13].
In the meantime in 1954, a p-n junction structure cadmium sulfide (CdS) solar cell
achieved 6%. The p-n junction structured solar cells of gallium arsenide, indium phosphide
and cadmium telluride were studied theoretically and simulated in the following years,
demonstrating the potential to achieve higher efficiencies [14]. Over the following years
and decades, research into solar cells grew particularly after the oil crisis during the
1970s, when the interest in alternative energy sources increased and attention turned to
the research and development of photovoltaics. This work was not only about improving
the device efficiency, but also reducing the production cost. Up until the 1980s, the
efficiency of silicon solar cells increased enormously, with a milestone of 20% efficiency
achieved in 1985. Constantly, the PV installation grew at a steady rate of 15% to 25%
during the next decades.
Figure 1.1: PV module experience curve [15].
2
From 2000 to 2015, solar PV capacity grew from 4 to 227 GW [16]. Especially, between
2007 and 2012, the global PV market expanded from 3 to 30 GW. The feed-in tariff (FIT,
payments to energy users for renewable electricity they generate) strongly encouraged the
increase of PV installations [17]. The module prices also have reduced linearly as the
increase of cumulative global shipments over years and decades, as shown in Fig. 1.1,
with the fluctuations in the mid-2000s and recent years influenced by the shortage or
oversupply. The assumption of the module prices for 1 TW and 8 TW are $0.50/W and
$0.25/W, respectively, based on the extrapolation [15].
The progress and achievements of all types of solar cell materials in research are shown
in Fig 1.2 [18]. Within single junction and non-concentrator solar cells, gallium arsenide
(GaAs) obtained the highest efficiency of 28.9% followed by a c-Si heterostructure with
efficiency of 26.6%. Recently, Perovskite solar cells leaped to 23.3% over the last 5 years
of development, although they are still not stable. The CuIn(1-x)Ga(x)Se2 (CIGS) thin
film technology exhibited 22.9% efficiency compared to 22.3% from multicrystaline c-Si
cells, and cadmium telluride (CdTe) achieved 22.1% surpassing c-Si thin-film crystal at
21.1% [19, 20]. The kesterite solar cells achieved the efficiency of 12.6% by IBM in 2014
regardless of the short development history [21].
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Figure 1.2: The summarision of up-to date best research-cell efficiencies produced by the National Renewable Energy Laboratory [18].
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Table 1.1: Technology strengths and key research opportunities for photovoltaic materials. Revised from [18,22]
Material Cell η (%) Module η
(%)
Technology strengths and op-
tions
Selected research/technology opportunities
Mature technologies deployed at large scale
Monocrystalline Si 27.6 22.4
Earth-abundant material; >25 year
track record
Further reduce recombination losses, in combination with new
metallization schemes; improve light management in thinner wafers;
improve IBC and SHJ cell designs
Multicrystalline Si 22.3 18.5
Earth-abundant material; >25 year
track record
Improve wafer quality (minimize or passivate defects) to reduce
recombination losses
CIGS 22.9 17.5 Flexible substrates
Improve light management; increase efficiency for large band gaps (tandem
cells); reduce recombination losses, solution processing
CdTe 22.1 18.6
Flexible substrates; short energy
payback time
Reduce recombination losses; develop thinner cell designs using light
management
Emerging technologies deployed at smaller scale
Dye-sensitized TiO2 11.9 10.0 Tunable colors
Improve redox couple; reduce recombination losses; increase band gap;
increase stability
Thin-film Si 21.2 12.2 Flexible modules Reduce recombination losses; improve light management
Organic 12.6 9.5
Flexible modules, semitransparent
modules
Improve light management; increase band gap; increase stability; reduce
recombination losses
Technology at the manufacturing level
GaAs 28.9 24.1 Very high efficiency; flexible modules
Improve light management; develop IBC geometry; further develop thin-
film multijunction cells by layer transfer
Technologies under development
Perovskite 22.1 n.a. Solution processing; flexible modules
Reduce recombination losses; improve cell stability; avoid use of Pb;
increase efficiency for high–band gap materials (tandem cells); develop
Si/perovskite tandems
CZTS 12.6 n.a. Flexible modules Reduce recombination losses; improve light management
Quantum dots 13.4 n.a. Solution processing; flexible modules Reduce recombination losses; improve light management; avoid use of Pb
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Figure 1.3: Solar cell efficiency as a function of the absorber band gap Eg deduced from
Shockley-Queisser limit model with an AM 1.5G spetrum. Adapted from [23, 24]. The
band gap range of kesterite (material under consideration in this work) is marked.
The technological strengths and selected research technology opportunities for some
of the leading materials are summarized in Table 1.1 [22]. With continued efficiency
improvements over recent years, the efficiency of single junction solar cells are theoretically
limited by the Shockley-Queisser limit (SQL), considering the basic physical losses
including blackbody radiation, recombination, spectrum losses, and impedance matching
[25]. With the assumption of the quantum efficiency (as defined later in Session 3.3.2)
QE=1 for photon energies larger than the band gap and a diode factor A=1, under the
standard illumination spectrum air mass, AM=1.5G without concentration, the efficiency
limit varies as a function of the band gap, as shown in Fig 1.3. The maximum solar
conversion efficiency is around 33.7% at a band gap of 1.34 eV [26]. The band gap value
of kesterite can be tuned by varying the ratio between selenium to sulphur. At the
extreme, the band gap of a pure Cu2ZnSnS4 (CZTS) absorber is roughly 1.5 eV whereas
the pure Cu2ZnSnSe4 (CZTSe) absorber is 1 eV [27]. Within the band gap range of 1-1.5
eV from Fig 1.3, kesterite can therefore be considered as an ideal absorber material for
solar cells with the potential to achieve the efficiency over 30%.
There are some primary considerations in the SQL calculation. Thermalization losses
happen when the device operates at room temperature due to blackbody radiation. Ad-
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Figure 1.4: Thermodynamic losses in solar-energy conversion and solutions [28].
ditionally, the rate of electron-hole production is also capped by radiative recombination.
The band gap limits the number of photons that can be absorbed and therefore the
number of electrons flowing through the circuit, which results in the limitation for short-
circuit current density. The relevant loss mechanisms were summarized by Albert Polman
and Harry Atwater as shown in Fig 1.4. The solutions were proposed according to the
corresponding efficiency breakthrough, such as pairing multi-junction solar cells with
selected band gaps to complement the photon absorption [28,29].
1.2 Cu2ZnSn(S,Se)4 thin film solar cells
1.2.1 History of kesterite as PV materials
Research and development into CIGS has progressed successfully since the discovery
that adding Ga to a CuInSe (CIS) absorber improved the PV efficiency was found by
Nakabayashi et.al [30]. However the use of elements indium and gallium limits the
potential to reach the annual world power requirement. As shown in Fig. 1.5, the
abundance of indium in the Earth’s upper continental crust is much lower than Cu, Zn,
or Sn [31]. By replacing In with the Earth abundant and low-cost Zn and Sn, the novel
quaternary compound of CZTS has drawn the attention of researchers worldwide [32].
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Figure 1.5: Abundance (atom fraction) of the chemical elements in Earth’s upper
continental crust as a function of atomic number. Adapted from [31].
The CZTS crystal structure is analogous to CIS from the viewpoint of the atomic
arrangement. The kesterite-type CZTS crystal can be derived from a chalcopyrite-type
lattice by replacing two In cations (one placed in the basal plane and the other on the
side of the unit cell) with two Sn cations, and the other two indium cations placed in the
side planes with two Zn cations.
As discussed previously, Cu2ZnSn(S,Se)4 (CZTSSe) has a high theoretical power
conversion efficiency, a direct band gap and a high optical absorption coefficient of
104 cm-1 [33,34]. This was first discovered in the laboratory of Shinshu University using
atom beam sputtering in 1988. The absorption coefficient of the deposited thin film at
the (112) orientation was determined to be higher than 3.8× 104cm−1. The square of the
absorption coefficient was found to increase linearly with photon energy and the direct
band gap value was estimated from a Tauc plot as 1.45 eV [35]. Since then, the CZTS
thin film has been widely accepted as a promising alternative absorber for thin film solar
cells.
Among the extensive subsequent work on kesterite-related PV materials, CZTSSe is
the most focused and has resulted in continual device performance improvement. The first
CZTS thin film solar cells with the structure of SLG/Mo/CZTS/CdS/AZO(Aluminium-
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doped zinc oxide) fabricated by Hironori Katagiri achieved performance efficiency of
0.66% in 1996. The precursors were prepared by electron beam evaporation followed
by sulphurization. The device was reported to have a band gap of 1.5 eV, an open-circuit
voltage VOC of 400 mV, a short-circuit current density JSC of 6.0 mA cm-2 and a fill factor
FF of 0.277 [36]. In 1997, a group from Stuttgart University reported a 2.3% efficiency
CZTS device and the first CZTSe device with 0.6% efficiency prepared with a similar way.
The band gap of CZTS film was determined to be around 1.5 eV and the CZTSe film
around 0.8 eV [37]. Over years of research and development, the record CZTSSe solar
cell was achieved by Wei Wang et al. from IBM in 2014 with an efficiency of 12.6% by
hydrazine solution approach under a Cu-poor and Zn-rich condition, with a VOC of 513.4
mV, a JSC of 35.2 mA cm-2 and a FF of 0.698 [21].
1.2.2 Flexible and lightweight kesterite
CIGS PV has demonstrated remarkable efficiency of 20.4% on a commercial polyimide
substrate achieved by prior co-evaporation of potassium fluoride (KF) and selenium (Se)
following with Na incorporation by post deposition treatment [38]. Comparing to mature
CIGS, research on flexible kesterite devices lags behind, with only a small amount of
publications reported.
There are several promising substrate candidates for flexible CZTS and CZTSSe
solar cells including stainless steel [39, 40] and glass [41]. In choosing a suitable flexible
substrate, the coefficient of thermal expansion (CTE), surface smoothness, and chemical
inertness should be taken into consideration [42]. Molybdenum (Mo) foil has the
advantage over polymers in that it is robust to high temperature processing however, in
an important work, Zhang et al. report degradation of the device performance stemming
from high series resistance (Rs) [43].
Among the landscape of research on flexible substrates, there are currently no reports
of CZTSSe solar cells on Mo foils. CZTSSe is considered a promising photovoltaic
absorber material due to its high theoretical power conversion efficiency, ideal direct
energy band-gap and large absorption coefficient [33, 34]. Earth-abundance and low-
cost properties make it suitable for large area manufacture [32]. In addition, fabrication
on flexible substrates has the potential to create lightweight solar cells that offer a wide
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range of application, such as roll-to-roll manufacturing and integration on a variety of
surfaces including automotive and buildings. The high power-to-mass ratio of flexible
solar cells further favour the applications on both space and ground utilities [44].
CZTSSe solar cells on rigid glass substrates using hydrazine processing have achieved
efficiency as high as 12.6% [21], whilst CZTSSe solar cells based on less hazardous
nanoparticle inks have reached 9.3% [45]. Despite the highest efficiency being achieved
by the hydrazine-based approach, its highly explosive and toxic properties largely limit
its actual applicability [46]. Therefore, the nanoparticle based inks approach is an
attractive alternate. However, research on Cu2ZnSnS4 (CZTS) nanoparticle inks on
flexible substrates is still comparatively limited with the highest reported efficiency of
6.1% with additional MoNa and Ge doping [40].
1.2.3 Alkali doping
It has been widely accepted for CIGS solar cells that the addition of sodium to the
absorber can boost the device’s performance since as early as 1990s [38,48–50]. In the first
instance, Na was found to diffuse into the absorber from soda lime glass through the Mo
back contact [51]. Na is still the most commonly used dopant for CZTSSe nowadays [52],
while the uses of K, Li, Rb, and Cs have also been explored. [53–55] The properties of
dopant elements compared with the cations in kesterite are listed in Table 1.2 [47]. Li is
thought to be more effectively incorporated into the kesterite structure than Na or K as a
result of its smaller ionic radius yielding smaller substitution and migration energies [56].
Despite Na naturally diffusing out from the SLG substrates to the absorber during the
heating process, it is important to understand the mechanism of cooperating an alkali
effectively via an extrinsic source [57,58]. The reported methods for alkali doping includes
Table 1.2: Comparison of alkali and kesterite cation elements. (revised from [47].)
Property Li Na K Rb Cs Cu Zn Sn
Atomic No. 3 11 19 37 55 29 30 50
Atomic mass 6.94 22.99 39.1 85.47 132.90 63.55 65.39 118.71
Covalent radii (Å) 1.28 1.66 2.03 2.20 2.44 1.32 1.22 1.39
Ionic radii (Å) 0.9 1.16 1.52 1.66 1.81 0.91 0.88 0.83
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configuring with back contact (MoNa) [40, 49, 59], post-deposition treatment (PDT), or
pre-absorber synthesis (PAS) [40, 60, 61] and dissolving in solution [47, 53, 54]. Na is
reported to have the positive effects on crystal grain growth and favour the formation of
(112) facets, [62, 63] as well as increasing the device VOC and FF with overall improved
power conversion efficiency [59,64–66]. The improved VOC is because of the higher built-in
voltage resulting from the accompanying movement of the bulk Fermi level toward the
valence band and reduction of certain deep recombination centres. Higher FF results
from the increased bulk CZTSe conductivity and an associated increase of hole density
and hole mobility [64].
There is a relatively little work on alkali doping in nanoparticle synthesis of CZTS.
Kumar et al. explained the interaction between oleylamine and the alkali (Na+, K+ and
Cs+) ion. The formation of oleylamine-alkali hydroxide complexes was confirmed but a
positive effect of stabilization and homogeneous nano-crystal growth was found only in
CsOH [55].
1.3 Aims, objectives and structure of thesis
The aim of the thesis is to explore the important challenges faced by CZTSSe solar cells
made from CZTS nanoparticles, as well as the issues with depositing the cells on flexible
substrates. Targeting these topics, the thesis is focused on:
1. The investigation of solar cell fabrication processes including CZTS nanoparticle
inks and selenisation; to improve the homogeneity of absorber layers, and reduce the
secondary phases and grain boundaries.
2. Exploration of the methods to incorporate flexible substrates, to understand the
distinctions of absorbers and device performances on different substrates, and further
improve the flexible solar cell performance.
3. Investigation of sodium doping possibilities and the influences on absorber
morphologies and device performance for devices built on flexible substrates without an
intrinsic source of alkali doping.
Structure of thesis
The background of CZTSSe flexible solar cells is introduced in the first chapter. In
Chapter 2, the fundamentals and theories of thin film solar cells related to this
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work are explained. Chapter 3 describes the experimental methods used to fabricate
the solar cells including substrate preparation, synthesis of CZTS nanoparticle inks,
selenisation, deposition of buffering layer, window layer and front contacts, as well as
the characterisation methods used for absorbers and devices. Chapter 4 presents the
experimental results on the optimization of nanoparticle synthesis and the selenisation
process to control the secondary phases formation and stabilize the kesterite phase. In
Chapter 5, the flexible substrates of Mo foil application are explored, the obstacles faced
and solutions to achieve the satisfying device performances are addressed. Chapter 6
continues with the flexible substrates work, and doping methods to improve the device
performance. The conclusions of this work and outlook for further work are drawn in
Chapter 7.
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Chapter 2
Theory of thin film solar cells
2.1 Fundamental physics of semiconductor solar cell
2.1.1 Semiconductor band structure
In contrast to electrons in an isolated single atom which have discrete energy levels, the
atomic orbitals of the electrons in a crystal lattice formed with a large amount of atoms
N overlap and interact with each other.Their energy levels shift due to interaction and
split into N separated but closely spaced levels as dictated in Pauli’s exclusion principle
such that no two electrons can have the same quantum number [67,68]. When N is large
enough, as in a solid, these separated levels may be considered as a continuous band and
hence as the formation of an energy band.
In a semiconductor, only the interactions between valence electrons in the outer band
shell need to be considered, since the electrons at the inner shells are tightly bonded to the
atomic nucleus and the orbital radii are much smaller than the interatomic distance [69].
Conduction band
Valence band
Eg
(a) T = 0 K
Conduction band
Valence band
Eg
(b) T = 300 K
Conduction band
Valence band
Eg
Light
(c) T = 300K with illuminance
Figure 2.1: Schematic energy band for a semiconductor at different conditions.
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Figure 2.2: A schematic energy-momentum diagram for (a) an indirect band-gap
semiconductor and (b) a direct band-gap semiconductor.
With reducing interatomic distance, the energy levels of valence electrons overlap and
split into two continuous bands; the upper band is known as the conduction band while
the lower band is known as the valence band. EC is defined as the lowest energy in
the conduction band and EV is defined as the highest energy in the valence band. The
forbidden energy gap between the two bands is called as the bandgap Eg with the value
Eg = EC−EV . A semiconductor has a bandgap value between a conductor and insulator,
on the order of 1 eV, such as 1.5 eV for CZTS and 1.0 eV for CZTSe at room temperature.
At absolute zero temperature (T = 0 K), all electrons occupy the lowest energy states and
no electrons exist in the conduction band, therefore it is insulating (Fig 2.1a). However,
the sensitivity of semiconductor conductivity to temperature (Fig 2.1b), light, magnetic
fields and impurities enables it wide applications. The energy from light is used to
excite the electrons from valence band to conduction band in the application of solar
cells (Fig 2.1c).
Considering the actual relationship between energy (E) and momentum (p), the E−p
diagram can be drawn to illustrate the energy band structure, according the Equation 2.1.
E =
p2
2me
(2.1)
Where me is the effective mass for the electrons and holes in the semiconductor crystal
lattice. However, in a real crystalline solid, usually many different values of electron
energy possible for a given p. Thus the plots of of E against p are not flat or simply
parabolic, but oscillating, as shown in Fig 2.2. Depending on the locations of EC and
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EV , Eg can be indirect or direct. For the indirect Eg (Fig 2.2a), EC and EV occur at
different p values and an electron transition from EV to EC requires both an energy and
a momentum change. The latter is usually associated with phonon collision. However in
a direct Eg semiconductor, the electronic transition from the valence band to conduction
band occurs directly without momentum change (Fig 2.2b). CZTS or CZTSSe is a direct
band-gap material, which is desired for a photovoltaic material because it absorbs the
light more direct.
2.1.2 Carrier distribution functions
Fermi-Dirac distribution function
In an instrinsic semiconductor at thermal equilibrium, the Fermi-Dirac distribution
function (Equation 2.2) is used to indicate the probability of an electron with energy
E occupying an electronic state,
F (E) =
1
1 + e(E−EF )/kT
(2.2)
where T is the temperature in Kelvin, k is the Boltzmann constant. EF is the Fermi
energy for Fermi level and F (EF ) = 1/2. When (E − EF ) > 3kT , Equation 2.2 can be
simplified to:
F (E) ∼= e−(E−EF )/kT (2.3)
Thus the density of electrons per unit energy n(E) is given by
n(E) = N(E)F (E), (2.4)
where N(E) is the density of states function. Correspondingly, the density of holes p(E)
can be calculated using Equation 2.5, as the hole occupation probability is the probability
that the state is not filled by electrons, i.e.:
p(E) = N(E)[1− F (E)] (2.5)
Here the definitions of NC as the effective density of states in the conduction band and
NV as the effective density of states in the valence band are introduced. The density of
the electrons in conduction band n and the holes in valence band p can be obtained by
integrating at the corresponding energy values, as shown in Equation 2.6 and 2.7.
n =
∫ NC
∞
N(E)F (E)dE = NC exp[−(EC − EF )/kT ] (2.6)
15
p =
∫ 0
NV
P (E)[1− F (E)]dE = NV exp[−(EF − EV )/kT ] (2.7)
In an intrinsic semiconductor, every hole in the valence band is produced by the electron
occupying a sate in the conduction band and, n = p = ni, where ni is the intrinsic carrier
density. The Fermi level for an intrinsic semiconductor Ei can be obtained by equating
Equation 2.6 and 2.7,
Ei =
EC + EV
2
+
kT
2
ln(
NV
NC
) (2.8)
To first approximation, Ei lies at the middle of the band-gap, as the second term in
Equation 2.8 is negligible compared with band-gap at room temperature, i.e. Ei = (EC +
EV )/2. Also ni can be obtained by multiplying Equation 2.6 and 2.7, ni2 = np,
ni =
√
np =
√
NCNV exp(−Eg/2kT ). (2.9)
Note that this function depends only on temperature for a specific material.
Doped semiconductors
When impurities are introduced as dopants in a semiconductor, the electrons given off to
the conduction band are called donors or n-type, and the holes given off at the valence
band are called acceptors or p-type. For a shallow dopant, normally only a small amount
of energy (∼= kT ) is needed to ionize. Thus the free carrier density can be considered
equal to the impurity concentration, n = ND for an n-type semiconductor, or p = NA for
a p-type semiconductor. Further, according to Equation 2.6 and 2.7, the new Fermi level
can be obtained in Equation 2.10 for n-type and 2.11 for p-type.
EC − EF = kT ln(NC/ND) (2.10)
EF − EV = kT ln(NV /NA) (2.11)
As we can see, the Fermi level moves closer to the bottom of the conduction band (n-type)
or to the top of valence band (p-type) as the doping concentration increases. Also with
the involve of Ei as the reference, it can be found that,
n = NC exp[−(EC − EF )/kT ] = NC exp[−(EC − Ei)/kT ] exp[(EF − Ei)/kT ]
n = ni exp[(EF − Ei)/kT ] (2.12)
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p = ni exp[(Ei − EF )/kT ] (2.13)
and the relationship of np = ni2, known as the law of mass action, is still valid according
to Equation 2.12 and 2.13 when doping.
2.1.3 Carrier transport
Current density equation
The transport processes of carriers in semiconductor devices include drift, diffusion,
recombination, and generation. The mobility µn or µp are used to describe the motion
intensity of an electron or hole influenced by an applied electric field. According to the
definition of conductivity σ = J/, where J is current density, and  is the applied electric
field, and J is the sum of both electrons and holes drift current,
Jdrift = Jn,drift + Jp,drift = q(nµn + pµp) (2.14)
and the conductivity σ is defined as
σ = q(nµn + pµp). (2.15)
Thus the resistivity ρ can be obtained by inverting σ,
ρ =
1
q(nµn + pµp)
(2.16)
In a doped semiconductor, Equation 2.16 can be simplified as ρ = 1/(qnµn) for n-type
semiconductors as n p, and ρ = 1/(qpµp) for p-type semiconductors as p n.
When the carrier density varies in the semiconductor and carriers move randomly due
to the thermal energy, diffusion current exists and should be considered for both electrons
and holes as:
Jn,diff = qDn
dn
dx
(2.17a)
Jp,diff = −qDp dp
dx
(2.17b)
Here, Dn and Dp are the diffusion coefficient for electrons and holes. Therefore, the total
current density is composed of both drift and diffusion and can be obtained by summing
Equation 2.14 and 2.17,
Jtotal = Jn + Jp = q(nµn+Dn
dn
dx
) + q(pµp−Dp dp
dx
) (2.18)
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Generation and recombination
When broadband light is incident on a semiconductor, photons with energy equal to or
higher than band-gap (hγ ≥ Eg) can excite electrons to the conduction band from the
valence band, creating electron-hole pairs. The amount of light absorbed is quantified
by the material absorption coefficient, α. According to the Beer-Lambert Law, the light
intensity after travelling through a thickness t of a sample can be expressed with α and
incident intensity I as [70]
ln(I/I0) = −αt. (2.19)
α is related to the extinction coefficient k and varies with light wavelength λ.
α =
4pik
λ
(2.20)
The absorption depth is defined as the depth that light travels in the material at which
I drops to 1
e
I0, also ln(I/I0) = −1 and according to Equation 2.19, it is
δ = 1/α =
λ
4pik
(2.21)
Assuming that every absorbed photon can generate an electron-hole pair, the generation
rate at distance x from the material surface can be calculated by,
G(λ) = α(λ)N0e
−α(λ) (2.22)
where N0 is the photon flux received at the material surface.
At thermal equilibrium, pn = ni2 and the generation rate (Gth) equals the
recombination rate (Rth). Recombination across the band gap dominates in direct band-
gap semiconductors. This direct recombination rate R is proportional to both n in the
conduction band and p in valence band,
R = βnp (2.23)
where β is a proportionality constant. For a p-type semiconductor at thermal equilibrium,
we can obtain:
Rth = Gth = β np0pp0. (2.24)
When light is incident on a semiconductor, thermal equilibrium is disturbed and light
18
generation (GL) occur in addition to thermal generation (Gth). The new generation and
recombination rate can be expressed by Equation 2.25 and 2.26 respectively.
G = GL +Gth (2.25)
R = β nppp = β (np0 + ∆n)(pp0 + ∆p) (2.26)
Here, the excess carriers ∆n = ∆p due to the charge neutrality.
In steady state, the rate of change of electron concentration should be zero, i.e G =
R. Therefore the net recombination rate U can be deduced from:
U = GL = G−Gth = R−Gth = β (np0 +∆n)(pp0 +∆p)−β np0pp0 = β(np0 +pp0 +∆n)∆n
(2.27)
As ∆n, np0  pp0, Equation 2.27 can be further written as,
U ∼= β pp0∆n = ∆n
1/βpp0
. (2.28)
The minority carrier life time τn is defined as the average time to recombination for an
excess minority carrier exists before it recombines:
τn =
∆n
U
=
1
βpp0
. (2.29)
Similar for n-type semiconductors, the net recombination rate U and minority carriers
lifetime τn can be expressed as:
U =
pn − pn0
τp
(2.30a)
τp =
∆p
U
=
1
βnn0
. (2.30b)
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Figure 2.3: Carrier recombination mechanisms in semiconductors.
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In direct band-to-band recombination, a photon is emitted (with energy equal to the
band gap) and therefore called radiative recombination. In addition to the radiative
recombination, the nonradiative recombinations such as Shockley–Read–Hall (SRH)
recombination and Auger recombination also happen in a bulk semiconductor, as shown
in Fig 2.3. Their recombination rate and carrier lifetime are given as USRH and τSRH for
SRH recombination, UA and τA for Auger recombination. Therefore, bulk recombination
rate and lifetime can be expressed as:
UBulk = Ur + USRH + UA (2.31a)
1
τBulk
=
1
τr
+
1
τSRH
+
1
τA
. (2.31b)
2.1.4 P-N junction
Formation of a p-n junction
N-type or p-type semiconductors are electrically neutral on their own, but behave very
differently when joined together. The formed interface is called a PN junction. As
shown in Fig 2.4, different majority carrier concentrations exist in the two types of
semiconductors, electrons for n-type and holes for p-type. The carrier diffusion happens
when they are first joined due to the large density gradient. Consequently, a positive space
charge forms near the n-side as electrons diffused into the other side and left positive donor
ions. Similarly, a negative space charge forms near the p-side. An electric field  is then
formed with direction from n-type to p-type as shown in Fig 2.4. The electric field causes
carriers to drift in the opposite direction to diffusion. Eventually, an equilibrium state
is achieved when the Coulomb force from the electric field stops carrier diffusion and a
depletion layer is formed. From the aspect of current density for each type of carrier, the
total current should be zero, as in Equation 2.32a for holes and 2.32b for electrons.
Jp = Jp,diff + Jp,drift (2.32a)
Jn = Jn,diff + Jn,drift (2.32b)
Using the electric field  = (1/q)(dEi/dx), and Einstein relation Dp = (kT/q)µp or
Dn = (kT/q)µn, the hole concentration (Equation 2.33a) and electron (Equation 2.33b)
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Figure 2.4: The formation of PN junction and equilibrium of junction in energy band
diagram.  is electric field, ψp is the electrostatic at p-side, ψn is the electrostatic at
n-side, Vbi is the built-in potential. W is the depletion region width, WP and WN are the
depletion region widths for p-type and n-type.
concentration can be obtained as:
p = nie
(Ei−EF )/kT (2.33a)
n = nie
(EF−Ei)/kT . (2.33b)
With further derivation, it can be obtained from both concentration equations (Equa-
tion 2.33) that,
dEF
dx
= 0 (2.34)
which means the Fermi level is independent of x and constant through the PN junction,
as shown in Fig 2.4. The electrostatic ψ is given by Poisson’s equation
d2ψ
dx2
= − d
dx
= − q
εs
(ND −NA + p− n). (2.35)
ND and NA are the uncompensated donors at the n-side (left) and the p-side (right),
respectively, εs is the semiconductor permittivity. In the neutral region and assuming all
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donors and acceptors are ionized, Equation 2.35 can be simplified as:
d2ψ
dx2
= 0 (2.36a)
ND −NA + p− n = 0. (2.36b)
In the neutral p-type region, ND is negligible and p ≥ n. Therefore NA = p can be
simplified from Equation 2.36b. Further from Equation 2.33a, the electrostatic potential of
the p-type neutral region ψp can be obtained as Equation 2.37a. Similarly, the electrostatic
potential of the n-type neutral region ψn can be obtained as Equation 2.37b.
ψp = −1
q
(Ei − EF )|x≤−xp= −
kT
q
ln
(NA
ni
)
(2.37a)
ψn = −1
q
(Ei − EF )|x≥xn=
kT
q
ln
(ND
ni
)
(2.37b)
Therefore the built-in potential Vbi can be calculated by subtracting ψn and ψp to give:
Vbi = ψn − ψp = kT
q
ln
(NAND
n2i
)
(2.38)
In the depletion region, the mobile carrier concentration are zero (p = n = 0).
Therefore, Poisson’s eqution can be simplified as follows.
d2ψ
dx2
= +
qNA
εs
(−xp ≤ x < 0) (2.39a)
d2ψ
dx2
= −qND
εs
(0 < x ≤ −xn) (2.39b)
The overall PN junction is electrically neutral, thus the amount of overall negative charge
in the p-side exactly equals to the amount of positive charges in the n-side,
NAxp = NDxn. (2.40)
The total depletion layer width W can be obtained by integrating Equations 2.35 and
applying Equation 2.40 as:
W =
√
2ε
q
(NA +ND
NAND
)
Vbi. (2.41)
For a one-sided abrupt junction, where the impurity concentration on one side is
much higher than the other, for example ND  NA when the n-side is heavily doped, the
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depletion layer width at the high impurity concentration side can be negligible, xn  xp
and W ∼= xp. The expression for W can be simplified to
W =
√
2ε
qNB
Vbi (2.42)
where NB is the lightly doped bulk concentration, NB = NA for a p−n+ junction. When
a forward-biased voltage VF is applied on the p-n junction, the total electrostatic potential
across the junction turns into Vbi − VF . Similarly, the total electrostatic potential turns
into Vbi+VR when a reverse-bias is applied. By substituting the voltages in Equation 2.42,
the depletion layer widths with applied voltage can be expressed as:
W =
√
2ε
qNB
(Vbi − V ) (2.43)
where V is positive for forward bias and negative for reverse bias.
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Figure 2.5: Energy band diagram of (a) two isolated semiconductors, (b) and ideal PN
heterojunction at thermal equilibrium.
In this work, the PN junction in the kesterite-based solar cell is formed by two different
semiconductors. CZTSSe is the self-doped p-type semiconductor and CdS was deposited
as the n-type material on it to form the PN junction. Unlike the PN junction discussed
previously formed by the similar semiconductor materials with opposite doping, which is
called as homojunction, the PN junction formed by two different semiconductor materials
is called as heterojunction. The energy band diagram is important when the properties of
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a heterojunction are studied. The energy band diagram mostly depends on the electron
affinities χ, energy bandgaps Eg and work functions ϕ.
Fig 2.5 (a) illustrates the energy band diagram of two isolated semiconductors before
the junction formation under thermal equilibrium. Egn and Egp are the energy bandgaps
for two semiconductors; δp is the energy difference between fermi-level EFp and the top
of VB (EV p); δn is the energy difference between fermi-level EFn and the bottom of CB
(ECn); ϕp, ϕn are the electron work functions, i.e. the energy difference between vacuum
level and fermi-level EFp, EFn , respectively; χp, χn are the electron affinities, i.e. the
energy difference between vacuum level and ECp, ECn, respectively. It can be seen, before
the formation of heterojunction, the Fermi level EFp of p-type semiconductor is
EFp = EV p + δp. (2.44)
While the Fermi level EFn of n-type semiconductor is
EFn = ECn − δn. (2.45)
The energy difference in the CB edges of two materials is ∆EC , and the energy
difference in the VB edges is ∆EV . From Fig 2.5 (a), ∆EC and ∆EV can be expressed as
∆EC = q(χp − χn) (2.46)
∆EV = Egn + qχn − (Egp + qχp) = ∆Eg −∆EC . (2.47)
When these two dissimilar semiconductor materials are attached together to form a
heterojunction, ignoring the traps or generation-recombination centres at the interface,
electrons flows towards p-type semiconductor from n-type as the higher Fermi level at
n-type side. At the mean time, holes flows in the opposite direction until the Fermi levels
of the two semiconductors reach the same value at thermal equilibrium, i.e.
EF = EFp = EFn. (2.48)
The depletion region is formed at the interface, as shown in Fig 2.5 (b). The positive
space charge region is on the n-type side, while the negative space charge region is on the
p-type side. The build-in electric field is formed by the space charges. However the built-
in electric field is non-continuous at the interface because the dielectric constants of two
semiconductor materials are different. The electrons in depletion region have additional
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potential energy because of the built-in electric field, which bends the energy band within
the depletion region. The total built-in potential Vbi is the bend of vacuum level, which
can be expressed as
aVbi = q(Vbn + Vbp) = EFn − EFp. (2.49)
where Vbp and Vbn are the electrostaic potentials at equilibrium in p-type and n-type
semiconductors, respectively.
At the heterointerface, the potential and the free-carrier flux density are continuous.
Therefore, the depletion widths and capacitance can be derived from the Posisson equation
by the conventional depletion approximation, with the boundary condition εnn = εpp,
the continuity of electric displacement, where p and n are the electric fields at the
interface between n-type and p-type, respectively. Vbn and Vbp are given by
Vbp =
εnND(Vbi − V )
εpNA + εnNA
(2.50a)
Vbn =
εpNA(Vbi − V )
εpNA + εnNA
. (2.50b)
where NA and ND are the doping concentrations in p-type and n-type semiconductors,
respectively. The depletion widths xp and xn can be expressed as following when a bias
V is applied,
xn =
√
2εpεnND(Vbi − V )
qNA(εpNA + εnNA)
(2.51a)
xp =
√
2εpεnNA(Vbi − V )
qND(εpNA + εnNA)
(2.51b)
The total depletion region width is
W = xn + xp =
√
2εpεn(NA +ND)2(Vbi − V )
qNAND(εpNA + εnNA)
(2.52)
Schottky junction
In the finished devices, metal front and back contacts are used to collect the photo-
generated carriers. A Schottky junction is formed when a semiconductor is in contact
with a metal when ϕm > ϕn. The energy band diagram in Fig 2.6 illustrates the potential
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Figure 2.6: Energy band diagram of a metal adjacent to n-type semiconductor, ϕm > ϕn
(a) before contact, (b) Schottky junction formed at thermal equilibrium.
barrier between the metal and the semiconductor (n-type as example). ϕm is the metal
work function, and EFm is Fermi level of the metal.
At the isolated state as can be seen from Fig 2.6 (a), EFn is higher than EFm. Similar to
a heterojunction, the Fermi levels must line up at thermal equilibrium when the Schottky
junction is formed. The electrons in the CB of the semiconductor can move to the empty
energy states above EFm. Therefore, a positive charge is formed at the semiconductor
side and negative charge at the metal side due to the excess electrons, resulting in a
contact potential. As the charge density on the semiconductor side is comparably low,
the electrons are removed from a certain depth within the semiconductor as well as the
surface. The depletion region is formed within the semiconductor as shown in Fig 2.6
(b). Within the depletion region, bands bend up in the direction of potential field, from
n-type semiconductor to metal. Thus, the built in potential Vbi is formed to prevent
further motion of the electrons to the metal, given by the difference in work function, can
be expressed as
Vbi = ϕm − ϕn. (2.53)
ϕm is a constant and ϕn depends on the dopant concentration, therefore Vbi is a constant
for the certain semiconductor and metal. Correspondingly, the Schottky barrier ϕB is
formed to prevent electrons from moving to the semiconductor from the metal, and given
by
ϕB = (ϕm − ϕn) + (ECn − EFn) = ϕm − χn. (2.54)
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2.1.5 Solar cell operation
PN junction in the dark
In the thermal equilibrium, it can be assumed that the majority carrier density equals
the doping concentration in the neutral region. np0 and nn0 are used to indicate the
equilibrium electron densities in the p-side and n-side, respectively. The built-in potential
in Equation 2.38 can be substituted into Equation 2.55 by applying the mass action law
pp0np0 = ni
2.
Vbi =
kT
q
ln
pp0nn0
ni2
(2.55)
Rearranging to get the electron density, gives:
nn0 = np0 e
qVbi/kT (2.56)
Similarly, it can also be obtained for the hole density:
pp0 = pn0 e
qVbi/kT (2.57)
It is assumed that the carrier densities maintain the same relationship with potential
difference when a bias voltage V is applied. If V takes a positive value for forward bias
and negative for reverse bias and np and nn are the nonequilibrium electron densities at
the boundaries of the depletion region in the p-side and n-side, Equation 2.56 can be
modified to
nn = np e
q(Vbi−V )/kT . (2.58)
The condition nn = nn0 can be applied as the injected minority carrier density is negligible
compared with the majority carrier density. Therefore Equation 2.56 and 2.58 can be
simplified to
np = np0 e
qV/kT (2.59a)
np − np0 = np0(eqV/kT − 1). (2.59b)
Similarly, for the hole density:
pn = pn0 e
qV/kT (2.60a)
pn − pn0 = pn0(eqV/kT − 1) (2.60b)
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From Equations 2.59b and 2.60b, the minority carrier density that flows into the built-in
region under nonequilibrium conditions is a function of bias voltage. And Equations 2.59b
and 2.60b are the boundary conditions for the continuity functions. With the idealized
assumption that the generated current within the depletion region is zero, the steady-state
continuity equation can be reduced to:
Dp
d2∆pn
dx2
− pn − pn0
τp
= 0. (2.61)
It can be solved with the boundary conditions in Equation 2.60a and pn(x =∞) = pn0
to give:
pn − pn0 = pn0(eqV/kT − 1) e−(x−xn)/Lp . (2.62)
Here, Lp =
√
Dpτp is taken as the diffusion length of holes. Therefore, at x = xn, the
hole diffusion current density is
Jp(xn) = −qDpdpn
dx
|xn =
qDppn0
Lp
(eqV/kT − 1). (2.63)
Similarly, the electron diffusion current density can be obtained from Equation 2.64 and
Equation 2.65 with Ln =
√
Dnτn.
np − np0 = np0(eqV/kT − 1) e(x+xn)/Ln (2.64)
Jn(−xp) = −qDndnp
dx
|−xp =
qDnnp0
Ln
(eqV/kT − 1). (2.65)
The hole current density Jp(−xp) at x = −xp should be equal to it at x = xn, i.e. Jp(xn).
The total current density is obtained by summing Equation 2.63 and 2.65 and constant
throughout the device.
J = Jp(−xp)+Jn(−xp) = Jp(xn)+Jn(−xp) =
(qDnnp0
Ln
+
qDppn0
Lp
)[
exp(
qV
kT
)−1
]
(2.66)
The saturation current density is defined as
Js =
qDnnp0
Ln
+
qDppn0
Lp
(2.67)
Therefore, the ideal diode equation can be written in Equation 2.68
J = Js
[
exp(
qV
kT
)− 1
]
(2.68)
It can be concluded from Equation 2.68 that the PN junction is with unidirectional
conductivity and J is sensitive to the temperature. With a small applied forward bias
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J
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Figure 2.7: Ideal current-voltage plot for PN junction.
voltage, exp( qV
kT
)  1 at the room temperature. Equation 2.68 can be simplified as
J = Js exp(
qV
kT
). If the reverse voltage applied, exp( qV
kT
) → 0 when |V |  kT
q
, J = −Js.
The current is a constant and doesn’t depend on applied voltage, and is called reverse
saturation current. The ideal current-voltage plot of a PN junction is shown in Fig 2.7.
PN junction under illumination
Under irradiation, solar cells can convert the incident photon energy into electrical energy
through the photovoltaic effect. Photons with higher energy than the bandgap can
generate an electron-hole pair at both sides of PN junction via absorption. An electron-
hole pair is formed on both sides of the junction by intrinsic absorption. The existance of
a strong electric field within the PN junction causes the light generated minority carriers
at the two ends to move in opposite directions. The electrons and holes are separated
by electric field and produce a continuous light generated current JL, from the n to p
region. JL is called the photo-current and depends on the incident photon intensity and
the nature of semiconductors [71]. With the forward bias voltage of V and according to
Equation 2.68, the resultant current is
J = −JL + Js
[
exp(
qV
kT
)− 1
]
. (2.69)
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And the voltage can be obtained from Equation 2.69:
V =
kT
q
ln(
JL + J
Js
+ 1) (2.70)
The open circuit voltage VOC can be obtained by making J = 0 in Equation 2.70, thus
VOC is expressed below.
VOC =
kT
q
ln(
JL
Js
+ 1) (2.71)
Similarity, the short circuit current JSC can be obtained by making V = 0 in
Equation 2.69.
JSC = −JL (2.72)
The power density of a solar cell is given by P = J(V )V . The maximum power point can
be found when d(J(V )V )/dV = 0 yielding Vmp and Jmp. The fill factor (FF) is defined
as the ratio,
FF =
JmpVmp
JSCVOC
=
Pmax
JSCVOC
. (2.73)
The efficiency η of the cell is determined by the ratio of the maximum power density to
the incident light power density Ps.
η =
Pmax
Ps
=
JSCVOCFF
Ps
(2.74)
In reality, the efficiency of a solar cell is reduced by the dissipation of power across
internal resistances. These parasitic resistances can be modeled as a parallel shunt
resistance (Rsh) and series resistance (Rs). The equivalent circuit is shown in Fig 2.8.
In an ideal situation, Rsh should be infinite and Rs would be zero. Decreasing Rsh and
+
V
–
JL
JS Jsh
Rsh
Rsh J
Figure 2.8: The equivalent circuit of a solar cell. Jsh is the current flows through Rsh.
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increasing Rs will decrease FF and Pmax. Rsh and Rs can be approximated from the
slopes of the J-V curve at VOC and JSC respectively as calculated in Equations 2.75.
Rsh =
dV
dJ
|V=VOC (2.75a)
Rs =
dV
dJ
|J=JSC (2.75b)
The current J in a real device considering the resistances losses can be written as the
following,
J = −JL + Js
[
exp(
q(V − JRs)
kT
)− 1
]
+
(V − JRs
Rsh
)
(2.76)
2.2 Material properties of kesterite
2.2.1 Crystal structure and lattice constants
stannite Eskebornite
PMCA Sphalerite wurtzite
kesterite
ZnCu SSn Cu/Zn/Sn (2:1:1)
Figure 2.9: Crystal structures of CZTS [72–76].
CZTS(e) thin films are found in kesterite, stannite, eskebornite, PMCA, sphalerite
and wurtzite crystal structures [72, 73]. These different structures are shown in Fig 2.9
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Table 2.1: Descriptions of possible CZTS crystal structures [72–76].
Crystal structure Space group Wyckoff label Atomic position Elements
Kesterite
I4,
No.82
2a (0, 0, 0) Cu
2b (1/2, 1/2, 0) Sn
2c (0, 1/2, 1/4) Cu
2d (0, 1/2, 3/4) Zn
8g (x, y, z) S
Stannite
I42m,
No.121
2a (0, 0, 0) Zn
2b (1/2, 1/2, 0) Sn
4d (0, 1/2, 1/4) Cu
8i (x, x, z) S
Eskebornite
P42c,
No.112
2b (0, 1/2, 3/4) Sn
2d (0, 1/2, 1/4) Cu
2e (0, 0, 0) Zn
2f (1/2, 1/2, 0) Cu
8n (x, y, z) S
PMCA
P42m,
No.111
1a (0, 0, 0) Sn
1d (1/2, 1/2, 0) Zn
2f (1/2, 1/2, 0) Cu
4n (x, y, z) S
Sphalerite
F43m,
No.216
4a (0, 0, 0) Cu/Zn/Sn
4c (1/4, 1/4, 1/4) S
Wurtzite
F63mc,
No.186
2a (1/3, 2/3, z) Cu/Zn/Sn
2b (0, 0, z) S
while space group and structure parameters are stated in Table 2.1. It has been shown
that kesterite is the most thermodynamically stable phase [77]. The stannite structure
is very similar to kesterite, with the only difference in Cu and Zn positions. Stannite
has the mirror planes with zinc ions in the z-0 and 1/2 and copper ions in the z= 1/4
and 3/4 planes. In kesterite, the z=0, 1/2 plane and half of z=1/4, 3/4 plane are taken
twisted by copper ions [73,78]. CZTS transits to the sphalerite (F43m) structure at high
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Table 2.2: Lattice data of the kesterite CZTSe crystal [85].
(hkl) 2θ(◦) D-VALUE (Å) INTENSITY
1 1 2 27.18 3.2804 1000
2 2 0 45.08 2.0111 469.2
2 0 4 45.16 2.0077 467.4
3 1 2 53.44 1.7145 135.9
1 1 6 53.58 1.7103 135.2
0 4 0 65.65 1.422 135.7
0 0 8 65.91 1.4172 135
3 3 2 72.43 1.3047 48.8
1 3 6 72.56 1.3029 48.8
2 4 4 83.26 1.1604 63.8
2 2 8 83.43 1.1585 63.8
temperature up to 866–883◦C [79]. The wurtzite structure was reported in the CZTS
nanoparticle formation with a bandgap of 1.4 eV [80, 81]. Theoretically, the bandgaps of
CZTS are 1.56 eV for kesterite, 1.42 eV for stannite, 1.46 eV for eskebornite and 1.21 eV
for PMCA, and 1.05 eV for kesterite CZTSe, 0.89 eV for stannite CZTSe [82, 83]. 1.5 eV
bandgap is usually nominated for the ideal kesterite CZTS, while disorder in the material
would decrease the bandgap by several hundreds of meV. The widely reported bandgap
for kesterite ranges from 1.4-1.6 eV [84]. For kesterite CZTSe, the published experimental
XRD pattern that is widely referred is listed in Table 2.2.
2.2.2 Shallow defects
The calculation of the formation energies of defects and defects clusters in CZTS were
reported in several publications [86–90]. It is revealed that the antisite defect (CuZn)
dominates over the copper vacancies (VCu) in the Cu-rich/Zn-poor growth conditions,
and the comparable deep acceptor level of CuZn is not ideal for photovoltaic applications.
Therefore, Cu-poor and Zn-rich conditions are suggested [89]. VCu and defect pairs like
(VCu+ZnCu) and (CuZn+ZnCu) tend to form in Cu-poor and Zn-rich conditions [88]. It
is especially easy to form the defect pair (CuZn+ZnCu) because of their smaller chemical
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Table 2.3: Calculated formation energies (eV) in CZTS under different growth conditions
[87,91,92].
Defect Cu-rich/Zn-poor Cu-poor/Zn-rich
VCu 0.590 0.21∼0.67
ZnCu -0.064 ∼ -0.318 2.43∼2.60
CuZn 0.378∼0.632 2.43∼2.60
VZn 0.631∼0.885 0.39∼1.02
SnZn 0.158∼0.599 4.11∼4.44
SnCu 0.170∼0.732 6.54∼7.05
and size disparities between elements [89]. The formation energies of all possible defects
under two different growth conditions are summarized in Table 2.3.
Unlike some semiconductors (such as Si, GaAs) which can be produced under well
controlled conditions with perfect crystal lattice structures, the produced CZTSSe has
high possibility for defects. Consequentially, CZTSSe often exhibit intrinsic p-type doping
due to the combined effect of all the defects present in the lattice. An acceptor defect
lying close to VBM contributes the free carriers to VB, moving the Fermi level downwards
and doping CZTS as p-type. The acceptor CuZn antisite is reported as the defect with
the lowest formation energy within the single-phase region of CZTS, although it is not
extremely close to the VBM (around 0.15 eV distance). The VCu defect is the dominant
acceptor under Cu poor and Zn rich conditions, contributing to p-type conductivity [90].
This can explain the common observation that CZTS is "naturally" a p-type material,
regardless of preparation conditions.
2.3 Losses Mechanism in CZTSSe solar cells
2.3.1 Bulk defects
In the produced kesterite materials, more defects exist in addition to the shallow defects
mentioned above responsible for p-type property. Some deep defects lie close to the
middle of the band gap where the SRH recombination rate versus energy position of the
recombination centre is maximum [93]. The main recombination path can be expected
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in the depletion region of the absorber due to the recombination rate being the highest
when the number of electrons is equal to holes. Despite the difficulty in characterizing such
deep defects, capacitance techniques can be used to detect the related signals. Levcenko
et. al detected the deep defects at around 0.5 eV above VBM [94], and Miller Westley
et. al found defects at around 0.8 eV above VBM [95] for heavily selenized CZTSSe. The
stoichiometry of material affects the formation energies of most defects [90]. According
to the predicted energy positions and formation energies, the deep defects can be isolated
such as Vse, SnZn, SnCu, or cluster like (2CuZn + SnZn) [96].
2.3.2 Grain boundaries
The grain boundaries (GBs) in kesterite absorbers are still being debated. A higher
positive surface potential at GBs compared to the grains is revealed by scanning kelvin
probe microscopy (SKPM) measurements (as show in Fig 2.10), while higher current flows
in the vicinity of the GBs was found by conductive atomic force microscopy (C-AFM)
measurements. Regarding the energy band diagram, a higher positive potential at the
GBs would result in a downward band-bending, which leads to minority carriers, electrons
for kesterite absorbers to be attracted into the GBs, and holes repelled away from the
GBs. However, according to first-principle density functional theory (DFT) calculations
proposed by Yin et al., intrinsic GBs act as the SRH recombination centers. Instead, some
defects ZnSn and OSe at GBs exhibit benign properties. These defects break or weaken
at GBs via wrong bonds to eliminate the deep gap states, and promote effective charge
separation by creating hole barriers and electron sinkers [98].
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Figure 2.10: Two-dimensional topography spatial maps of a) CIGS, b) CZTS, and c)
CZTSSe. Two-dimensional surface potential spatial maps of d) CIGS, e) CZTS, and f)
CZTSSe [97].
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2.3.3 Fine grain layer
A particular characteristic of CZTSSe solar cells fabricated from nanoparticle inks is the
existence of a fine grain layer between the CZTSSe large grain absorber layer and the
Mo back contact after selensiation. The origin and composition of the fine grain layer
can vary with different selenisation approaches and process conditions. To minimize or
preferably eliminate this fine grain layer, through control of the selenisation conditions
and precursor films, is a challenge for nanoparticle approach to kesterite solar cells.
Charles J. Hages et al. reported the composition of the fine grain layer is selenium and
carbon dominated instead of unreacted nanocrystal precursors [99]. Similarly, Yanyan
Cao et al. also reported that the fine grain layer contains both unsintered CZTSSe
and nanocrystals embedded in a carbonaceous matrix [100]. The presence of carbon
and selenium is a common feature. The carbon can originate from the ligands on the
nanoparticle surface or the solvent residuals. Increasing the selenisation temperature or
time within a reasonable range was found to reduce the fine grain layer thickness, allowing
residual Se evaporated from the film [101]. However, removing the fine grain layer is still
a challenge in nanoparticle ink based devices.
2.3.4 The interface between absorber and back contact
Mo has been proved widely as a good back contact satisfying most requirements for CIGS
solar cells. It can stand high temperature processing with reasonable coefficient of thermal
expansion. Molybdenum also shows its low resistivity and good adhesion between SLG
and absorber [102, 103]. An additional layer of MoSe2 is formed at the interface between
CIGS absorber and Mo back contact during the selenisation process [103, 104]. A thin
MoSe2 layer is reported to decrease the back contact recombination and contact resistance,
and further improving VOC and FF [105].
Despite the similarities of CZTS to CIGS, MoSe2 is found to be detrimental to CZTS-
based solar cells [106]. The formation of MoSe2 acts as a Schottky barrier in CZTSSe
devices instead of an Ohmic contact as in CIGS devices. It was found the high Rs for
CZTSe solar cells are mainly due to the high Schottky barrier around 0.32 eV at the
back contact. The crossover between the light and dark J –V curves also results from the
barrier [33, 106].
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To control the formation of MoSe2, a thin TiN, ZnO and TiB2 barrier layer was
reported to limit the MoSe2 thickness, and improve the cell performance [102, 107–109].
The use of alternative materials as back contact has been attempted, including W, Mo,
Cr, Ta, Nb, V, Ti, Mn, Au, Ni, Ag and Pt, on CIGS solar cells, which can also be a
promising way for CZTS solar cells [104,106,110].
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Chapter 3
Experimental methods and
characterisation
3.1 Solar cells fabrication
In this work, a nanocrystal-ink-based approach is used to create kesterite solar cell
devices. This approach has attractive benefits over other solution-based techniques,
including the ability for absorber material synthesis with relatively non-toxic chemicals
as well as nanoscale homogeneity and control of absorber film composition. Solar cell
devices were completed using a conventional thin film substrate approach with structure
of substrate/Mo/CZTSSe/CdS/ZnO/ITO/Ni+Al contact grid. As shown in Fig 3.1,
it begins with the synthesis of Cu2ZnSnS4 (CZTS) nanocrystals and the formulation
of nanocrystal inks. These inks are spin-coated onto a substrate to form nanocrystal
precursor films which are subsequently converted into polycrystalline CZTSSe absorber
through reactive sintering at an elevated temperature under a selenium atmosphere. The
CdS buffer layer was fabricated using chemical bath deposition with resulting thickness
of 90 nm. The ZnO and indium tin oxide (ITO) layers were magnetron sputtered before
a Ni/Al front contact grid was deposited by electron beam evaporation through a shadow
mask.
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Figure 3.1: The standard process to create solar cell devices.
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3.1.1 Preparation of substrates
The conventional soda-lime glass (SLG, Thermo scientific) with dimensions 25 mm ×
25 mm × 1 mm is used as the rigid substrates reference. The typical composition of SLG
is shown in in Table 3.1 [111]. Some SLG substrates were coated with a single layer of Mo
film directly. As a comparison, Mo coated glass from EMPA (Swiss Federal Laboratories
for Materials Science and Technology, Dübendorf, Switzerland) were also used. For those
Mo glasses from EMPA, a 200-300 nm thick SiOx barrier layer was deposited on top of
SLG to prevent sodium diffusion from SLG into the absorbers. Subsequently, a triple-
layer structure of Mo film layer is coated as the back contact for the optimum adhesion
to both SLG substrates and absorber layer [112].
Mo foil (99.9%, Sigma Aldrich) was chosen as the flexible substrate, due to its thermal
stability and high conductivity. The CTE for molybdenum is approximately 5.5×10−6 K−1
in the range 25-500 ◦C [113] which is slightly lower than the CTE for soda lime glass (SLG).
The dimensions of the Mo foil substrate were cut to be 25 mm×25 mm×0.1 mm. The
flexible substrates were prepared in two different ways: one was the bare Mo foil with
corresponding resistivity of 5.0 µΩ cm; while the other was the Mo foil coated with a
layer of Mo film with similar resistivity to bare Mo foil.
The substrates (Mo foil and SLG) prepared at Northumbria University were firstly
softly brushed with a 5% solution of cleaning agent (Decon 90) with de-ionized water and
rinsed thoroughly immediately afterwards. This was repeated once, then the substrates
were supersonicated in pure de-ionized water for 15 min. Finally, the cleaned substrates
were dried in a N2 flow to remove any residual contaminants. A Teer Coatings UDP 350
sputtering system was used to coat a layer of Mo film by direct current(DC) magnetron
sputtering. A rectangular sputtering target with dimensions 248×133× 10 mm3 of 99.95%
purity, supplied by PIKEM Ltd, was used. The substrates were placed into the sputtering
chamber parallel to the target surface at a substrate-target distance of 70 mm. The
sputtering base pressure was 7 × 10−6 mbar and a 20 min pre-sputtering treatment
Table 3.1: SLG typical composition
Oxide SiO2 K2O Na2O MgO CaO Fe2O3 Al2O3 TiO2 SO3
Content (wt%) 74 0.3 13 0.2 10.5 0.04 1.3 0.01 0.2
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was done to clean the target surface and eliminate any adhered impurities [114]. The
sputtering process was conducted with target power of 780 W, current of 3 A and argon
flow of 70 sccm under the chamber pressure of 1.5 × 10−2mbar at room temperature.
Varying the coating time allowed different Mo film thickness to be obtained. Normally,
the measured coating rate under such condition was around 15 nm/min. Typically, 1 µm
Mo film was coated on the rigid SLG substrates, and 600-1800 nm thickness Mo film was
coated on Mo foil.
3.1.2 Synthesis of CZTS nanoparticles
To synthesis CZTS nanoparticle inks, Copper(II) acetylacetonate (Cu(acac)2, Cu(C5H7O2)2,
99.99%, Sigma Aldrich), zinc(II) acetylacetonate (Zn(acac)2, Zn(C5H7O2)2, 99.995%,
Sigma Aldrich), and tin(IV) bis(acetylacetonate) dichloride (Sn(acac)2Cl2, Sn(CH7O2)2Cl2
98%, Sigma Aldrich) were used as cation precursors, and elemental sulphur (S, 99.98%,
Sigma Aldrich) was used as an anion precursor. Based on the previous work in
our lab, Oleylamine (OLA, CH(CH2)7 = CH(CH2)8NH2) was used as surfactant and
solvent to prevent aggregation and enable dispersion. In advance of the reaction, these
quantities were chosen on the basis of a 0.75 mmol Sn to give precursor molar ratios of
Cu/(Zn+Sn)=0.79 and Zn/Sn=1.27. 5 mL of 1 M sulphur OLA solution (S-OLA) was
prepared as the anion precursor. The cation precursors were mixed with 10 mL OLA in
a 100 mL three neck flask. Both precursor solutions were initially heated to 65◦C to fully
dissolve the precursors. In parallel, the two flasks were degassed by evacuating for 10 min
and then purging with nitrogen three times. Next the flasks were heated under refluxes
at around 130◦C under vacuum. Then it was purged with nitrogen for 5 minutes after 5
minute refluxes. The process was repeated three times in order to remove dissolved gasses
(especially oxygen) and other light impurities. 3 mL S-OLA was injected into the cation
precursor when it was heated up to 225◦C. The reaction lasted for 30 min by holding the
temperature at 225◦C under nitrogen atmosphere. Following the reaction, the mixture
was allowed to cool down under ambient laboratory conditions [115].
The mixture after reaction consisted of CZTS nanoparticles and other unreacted
residues. Washing was then used to separate and purify the CZTS nanoparticles.
Following the disconnection of the reaction flask from the Schlenk line, 5 mL toluene
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and 40 mL isopropanol (IPA) were added to the mixture when it cool down to around
70◦C. The contents were equally separated into two 50 mL centrifuge tubes. The obtained
nanoparticles were separated from reaction residuals by centrifugation at 8500 rpm for
10 min. The precipitate was dispersed in 10 mL toluene under sonication for each tube.
The nanoparticles were collected by adding 20 mL IPA and centrifuging at 8500 rpm
for 10 min, by repeating this washing process once more to obtain higher purity. Then
the precipitate was dispersed in 10 mL toluene and centrifuged at 7000 rpm for 3 min to
remove the large particles. The supernatant was collected and 25 mL IPA was added to the
precipitate (fine CZTS nanoparticles) by another centrifugation at 8500 rpm for 10 min.
The final precipitate in each centrifuge tube was dissolved in 1.5 mL 1-Hexanethiol (95%,
Sigma-Aldrich). 30 min ultrasonic bath was used to guarantee the nanoparticles were
fully dissolved. Finally the CZTS nanoparticle inks were collected from the hexanethiol
solution using a 1 µm filter, with concentration of 100 mg/mL. The inks were preserved
in a sealed glass vial and were stable (i.e. no precipitation) for up to one month.
3.1.3 Fabrication of CZTSSe thin film photovoltaic absorbers
μm
CZTS
Mo
Figure 3.2: SEM cross sectional image of CZTS nanoparticle film on Mo/SLG substrate
after spin-coating.
The CZTS nanoparticle inks were spin-coated on substrates to form CZTS precursor
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500 nm
(a) (b)
Figure 3.3: CZTS film with an average particle size of 21±6 nm spin-coated from
nanoparticle inks: (a) SEM image and (b) scanned with AFM.
films. 30 µL ink was dropped on the substrate and followed by spinning at speeds of
1200 rpm for 5 s. The substrate was swiftly transferred to hot plate and baked at 150◦C
for 30 s and 300◦C for another 30 s, which is called soft baking to prevent cracks due to
the sudden high temperature. This process was repeated 10 times to obtain the desired
film thickness of around 1.5 µm (as shown in Fig 3.2). The CZTS precursor films were
found to be uniform from SEM and AFM analyses (Fig 3.3). No obvious difference was
observed between the samples prepared on foil, foil with sputtered Mo and glass.
In order to form a compact and uniform absorber layer with large grain sizes, the CZTS
nanoparticle thin film was annealed in a graphite box under a selenium atmosphere. The
graphite box was placed in a tube furnace which was dedicated to selenisation. The
CZTS sample was annealed according to the temperature profile shown Fig 3.4. Initially,
the furnace was evacuated (6.0 × 10−3 mbar) and backfilled with argon (10 mbar) prior
to increasing the temperature (20◦C per min) from room temperature to the standard
selenisation temperature of 500◦C, where it was held constant for 20 min. The samples
were then cooled with the assistance of a fan attached to the tube furnace and removed
when the temperature dropped below 50◦C. Approximately 300 mg of selenium pellets
(Sigma-aldrich 99.99% trace metals basis) were placed in a graphite box at the two
ends [115]. For some experiments, a small amount of Sn powder (Alfa Aesar 99.999%
purity) was placed in the selenisation box to vary the composition ratio of the absorber
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Figure 3.4: Temperature profile during the selenisation.
as shown in Fig 3.1. This is discussed in detail in Chapter 4.
3.1.4 Completing the solar cells
Cadmium sulfide buffer layer
A thin cadmium sulfide (CdS) buffer layer is usually deposited on the absorber layer to
form a stable p-n junction in CdTe, CIGS, and CZTS based solar cells [116–118]. It has
high electron mobility for an effective carrier transport, high bandgap (2.4 eV) to avoid
parasitic absorption, and good band alignment of the conduction band to the CZTSSe
absorber layer with a small spike below 300 meV. This results in the formation of a benign
interface with a low density of interface defects which would act as recombination centres,
as well as high doping concentration for maximum Fermi-level splitting [119].
Chemical bath deposition (CBD) is widely used to deposit CdS for thin film
photovoltaics, as well as in this project. It is a relative simple process to carry out in a
non-vacuum environment and can also result in good quality thin films with appropriate
growth conditions [120]. A double layer jacket container connected to circulating water
is used as the reaction container. 318.6 mL of DI water was added to the container,
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heated up to 70◦C and constantly stirred. 144.6 mg cadmium sulfate (CdSO4) was added
to DI water before waiting for 1 min until it was completely dissolved. Then, 36 mL
28% Ammonium hydroxide (NH4OH) was added in and the samples were placed into the
solution vertically using a sample holder. After 2 min, 335.9 mg thiourea (CH4N2S) was
added in. Normally, deposition lasts for 20 min to obtain a thin layer (∼90 nm) of CdS
as determined by SEM images of the cross section. After the reaction, the samples were
rinsed with DI water, dried in N2 flow and annealed at 200◦C for 10 min in air.
In the chemical bath deposition, the following reaction pathway is thought to result
in deposition of the CdS on the samples. NH4OH is added to adjust the solution pH to
10.8-11.0. Ammonium hydroxide dissociated as
NH3 +H2O ←→ NH4+ +OH−. (3.1)
Then NH3 acted as complexing agent to form Cd(NH3)42+ to reduce the overall
reaction speed.
Cd(NH3)4
2+ ←→ 4NH3 + Cd2+ (3.2)
At the mean time, thiourea hydrolysis occurs to form sulphide ions.
CS(NH2)2 +OH
− ←→ SH− + CH2N2 +H2O (3.3)
SH− +OH− ←→ S2− +H2O (3.4)
Finally CdS deposit is formed via the following reaction:
Cd2+ + S−2 ←→ CdS ↓ . (3.5)
ZnO and ITO window layers
The intrinsically doped zinc-oxide layer (i–ZnO) and indium tin oxide (ITO) layers are
deposited to form a window layer by magnetron sputtering using a Teer Coatings UDP
350. Magnetron sputtering is a powerful vacuum coating technique used to deposit high
purity layers of metals, alloys and compounds with the advantages including high adhesion
of films on the substrate, excellent coverage of steps and small features, ability to coat
heat-sensitive substrates, low temperature depositions, ease of automation and excellent
uniformity on large-area substrates [114, 121]. Pulse-DC magnetron sputtering was used
to first deposit i-ZnO layer at room temperature. The target was a 100 mm diameter
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circular target with 3 mm thickness of 99.99% purity, bonded to 3 mm copper back plate.
A 20 min pre-sputtering treatment was performed to clean the target following by 35
min deposition in Ar/O2 working gas with the ratio of 35:1 at a pressure of 7.5 mTorr,
voltage of 600 V and current of 0.2 A. The substrates were rotated at a speed of 5 rpm
to obtain a homogenous film. The deposited ZnO thickness was 60 nm. A 200 nm thick
ITO layer was deposited by a radio frequency (RF) magnetron sputtering following the
ZnO deposition. A circular target with purity of 99.99% In2O3/SnO2 (90/10 wt%) with
diameter of 100 mm and thickness of 3 mm bonded to a 3 mm thick copper plate was
used for this deposition. The substrates were heated up to around 150◦C and rotated at
5 rpm with an RF forward power of 200 W for 90 min at a pressure of 3 mTorr.
Ni/Al front contact grid
A nickel (Ni) and aluminium (Al) front electrical contact grid was deposited by electron
beam (EB) evaporation, as illustrated in Fig 3.5. EB evaporation is a physical vapour
deposition (PVD) technique whereby an intense, electron beam is generated from a
filament and steered via electric and magnetic fields to strike source material and vaporize
Figure 3.5: Schematic diagram of electron beam evaporating system [122].
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it within a vacuum environment. The EB-PVD process has appealing characteristics for
solar cell grids, for example it results in dense coatings, low contamination, controlled
microstructure and composition, high thermal efficiency and high deposition rates [123].
A Tecvac ECU 700 was used to carry out EB evaporation process. The deposition chamber
was evacuated to a pressure below 1× 10−5 mbar to assure the molecule mean free path
of the depositing material was longer than the distance between the electron beam source
and the substrate [124]. The vapour from the source material condensed onto the rotating
substrate (10 rpm) through a shadow mask to form the designed grids on top of the solar
cells with uniform thickness. A quartz crystal oscillator was used to monitor the thickness
and deposition rate. The current normally started from 0.03 A and increased by the step
of 0.01 A/min until the deposition rates reach 0.2 nm/s and 2.0 nm/s for Ni and Al,
respectively. The finished thicknesses were 50 nm for Ni and 1 µm for Al.
3.2 Materials characterisation
Rigorous characterisation techniques are essential to determine the structure, phase purity,
uniformity, and optoelectronic properties of the synthesized materials. The combination
of complementary methods are usually used to ensure the characterisation accuracy.
3.2.1 Optical spectroscopy
In this project, Shimadzu UV-2600 spectrophotometer installed with an integrating sphere
was used to study the optical properties of materials. Transmittance and reflectance
can be measured within the scan wavelength range from 300 to 1400 nm. This allowed
the absorption coefficient α to be determined by the measured transmittance (T) and
reflectance (R) according to:
α =
1
t
ln[
(1−R%)2
T%
]. (3.6)
α characterizes the effectiveness of a material at absorbing light, t is the thickness of
measured film [125]. α depends on the material and also on the wavelength of light
which is being absorbed. A sharp edge can be observed in the absorption coefficient of a
semiconductor, since the light below its band gap does not have sufficient energy to excite
an electron into the conduction band from the valence band and can not be absorbed. In
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Figure 3.6: Energy bandgap of CZTS film determined from Tauc Plot.
a direct semiconductor like CZTS, α follows a square root like behavior with energy for
an ideal semiconductor [126]. Thus, a Tauc Plot can be used to calculate the band gap,
using the following expression proposed by Tauc, Davis, and Mott: [127,128]
(hνα)2 = A(hν − Eg) (3.7)
where h is Planck’s constant, ν is frequency of vibration, α is absorption coefficient, Eg is
band gap, A is a proportional constant. The value of the exponent n denotes the nature
of the sample transition.
According to Equation 3.7, (αhν)2 was plotted against the photon energy hν. A line
was drawn tangent to the point of inflection on the curve, then hν value at the point
of intersection of the tangent line and the horizontal axis is the band gap Eg value. In
Figure 3.6, the Tauc plot of prepared CZTS sample shows its bandgap as 1.5 eV.
3.2.2 Atomic force microscopy (AFM)
Atomic force microscopy (AFM, Veeco Dimension 3100) is used here to access the samples’
morphology and surface roughness with high resolution on the order of sub-nanometer.
AFM normally works in one of three modes according to the nature of the tip motion:
contact mode, tapping mode, and non-contact mode. In this work, tapping mode was
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Figure 3.7: Atomic force microscope (AFM) diagram of operation [129].
used, in which case the probe tip is kept close enough to the sample for short-range forces
to become detectable while the tip was prevented from sticking to the surface [130].
As shown in Fig 3.7, the tip fitted at the end of the cantilever, typically composed of
silicon or silicon nitride, has a radius of curvature on the order of nanometers. In tapping
mode, the cantilever is driven to oscillate near sample surface at or close to its resonance
frequency by a piezoelectric drive in the tip-holder. The tip periodically touches the
surface and the system tries to keep the amplitude of the vibration constant. When the
tip comes closer to the surface, the interaction of forces acting on the cantilever changes the
amplitude of the cantilever’s oscillation. This amplitude goes into the piezoelectric drive to
adjust the height of the cantilever to maintain a set cantilever oscillation amplitude [129].
Generally speaking, the tapping mode AFM image is produced by imaging the force of
the intermittent contacts of the tip with the sample surface [131].
3.2.3 Scanning electron microscopy (SEM) and Energy dispersive
X-ray spectroscopy (EDS)
Scanning electron microscopy (SEM) was used to investigate the surface morphology
and cross-sectional structure using Tescan MIRA 3. MIRA3 is a high performance SEM
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Figure 3.8: Illustration of the phenomena that occur from the interaction of highly
energetic electrons with matter, also depicting the bulb shape interaction volume which
is typically observed in this type of interactions [132].
system which features a high brightness Schottky emitter for achieving high resolution
and low-noise imaging [133]. SEM produces images of a sample by scanning the surface
with a focused beam of electrons. The electrons interact with atoms in the sample,
producing various signals that contain information about the sample’s surface topography
and composition. The phenomena occurs when the electron beam hits the sample surface
shown in Fig 3.8. Among the different radiations emitted from the sample, the low-energy
secondary electrons (SE) are used as the topographical information for SEM. Due to
their low energy, these electrons originate from within a few nanometers from the sample
surface [134]. A lower accelerating voltage is preferred when the surface information is
desired. In this work, the featured In-Beam SE detector was normally used to obtain the
sample’s morphologies, which allows imaging at very short working distances (< 10 mm)
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to have better resolution. Therefore extraordinary sharp surface details and topographical
features can be obtained. The standard work distance (WD) used for morphology was
5 mm and accelerating voltage was 5 kV.
The attached energy dispersive X-ray spectroscopy (EDS, Oxford instrument X-Max)
with a 20 mm2 detector operating at 10-20 kV range was used to determine the elemental
composition of the thin films. Each element has a unique emission spectrum due to
its unique atomic structure [134]. The energies of the X-ray emitted from specimen are
detected to determine the elemental composition. For top-view mode, a 20 kV accelerating
voltage with 15 mm WD was used to detect the elements with characteristic X-rays Cu Kα
8.040 KeV, Sn Lα 3.444 keV, Zn Kα 8.637 keV, Se Lα 1.379 keV. Normally at the range of 5-
20 kV accelerating voltage, the characteristic X-rays that can be detected for Mo and S are
Lα 2.293 keV and Kα 2.307 KeV, respectively. Their emission peaks overlap which effects
the accuracy of the determined composition for these two elements. For the line scan and
mapping, in order to reduce the interference of different emissions at the interface or grain
boundaries, a lower voltage was preferred to diminish the bulb shape interaction volume
while keeping sufficient signal for elemental determination. Thus, a 7 kV accelerating
voltage with 10 mm WD was used for line-scan and mapping with characteristic X-rays
Cu Lα 0.930 KeV, Sn Lα 3.444 keV, Zn Lα 1.012 keV, Se Lα 1.379 KeV. 7 kV was chosen
to guarantee enough energy for Sn Lα line emission used for characterisation instead of M
line 0.691 keV which can easily overlap with O Kα line 0.525 keV due to its domination.
3.2.4 X-ray diffraction (XRD)
In this study, a Siemens D-5000 diffractometer using a CuKα radiation source (λ=0.154
nm) was used with step size of 0.02◦ at beam voltage 40 kV and beam current 40 mA.
XRD gives information about the crystal structure and the lattice constants of the phases
present throughout the whole depth of the film by measuring the angular dependent
diffraction pattern of X-rays incident on the sample. An XRD pattern of a pure phase
is used as the unique reference for the phase determination. The patterns of possible
secondary phases and standard kesterite are shown in Fig 3.9. The possible secondary
phase such as SnSe, SnSe2, Cu2-xSe can be discernible from CZTSe easily due to their
significantly different diffraction peaks. However, for some secondary phase such as ZnSe
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Figure 3.9: XRD reflections of relevant phases and materials (Mo [135], CZTS [136],
CZTSe [137], SnSe [138], SnSe2 [139], Cu2-xSe [140], ZnSe [141], Cu2SnSe3 [142]) used for
the analysis of kesterite absorbers and solar cells.
and Cu2SnSe3, the difference is difficult to discern due to their similar crystal structure
and lattice parameters [143–145].
3.2.5 Secondary ion mass spectrometry (SIMS)
In this thesis, the elemental depth profiles were completed by secondary ion mass
spectrometry (SIMS) using a Hiden analytical gas ion gun and quadrupole detector. A
primary Ar+ beam with 4 keV of ion energy and a current of 600 nA was used on a
raster size of 600×600 µm2 with 10% gating. SIMS is a qualitative technique to analyze
the compositional details of thin films. The primary Ar+ ion beam was focused and
sputtered on the specimen to eject the secondary ions. Then a mass spectrometer was
used to measure the mass/charge ratio of the collected secondary ions and determine the
elemental, isotopic, or molecular composition [146].
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3.2.6 Raman Spectroscopy
Raman spectroscopy with a Horiba Labram HR system was used to capture the Raman
shift with 632.8 nm excitation wavelength with the laser spot focused on the surface of
the samples. Raman spectroscopy is a non-destructive technique used to gain information
about the photon behaviour of the crystal lattice by observing the frequency shift of
the inelastically scattered light from the near surface of sample. It can be used to
detect different phase of a sample due to the different vibration behaviour of different
crystal phases [147]. As mentioned in XRD characterisation, the secondary phases ZnSe
and Cu2SnSe3 are difficult to discern as their XRD patterns are similar to CZTSe.
Thus Raman spectroscopy was used as a complementary technique to unambiguously
distinguish them as their Raman shifts differ significantly [148].
3.3 Device characterisation
3.3.1 Current density-voltage measurements (J-V )
Photocurrent density-voltage characteristic of the CZTSSe solar cells were measured
under a standard air mass 1.5 solar illumination with an intensity of 100 mW cm-2
(Abet Technologies Sun 2000 solar simulator). A certificated Si solar cell was used as
the reference sample for calibrating the irradiance. A Keithley 2400 series source-meter
in a four probe configuration was used to sweep the voltage from -0.8 V to 0.8 V with
compliance current of 0.1 A. From the measured JV curve, VOC , Jsc, FF and η, as well
as Rsh and Rs can be determined.
3.3.2 Quantum efficiency (QE)
External quantum efficiency (EQE) measurements were performed in an enclosed (dark)
box with a double grating monochromator (Bentham Instruments, TM300) and chopped
light source. Certified Si and Ge photo-diode were used for calibration and scan step was
set as 5 nm from 400 nm to 1500 nm wavelength.
EQE(λ) =
the number of collected carriers
the number of incident photons at a given wavelength
(3.8)
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The EQE is defined as Equation 3.8. It reflects the electrical sensitivity of a device to
light and depends on not only the absorption of light but also the ability to collect charges
after electron-hole pairs are generated. Considering optical losses when light is incident
on the device, the internal quantum efficiency is defined as Equation 3.9. The comparison
is made to the number of absorbed photons that are not transmitted or reflected. From
the measured reflectance, IQE can be calculated from measured EQE, which directly
indicates the electronic properties excluding optical properties and recombination rate
inversely [149].
IQE(λ) =
the number of collected carriers
the number of absorbed photons at a given energy
=
EQE(λ)
1−R(λ) (3.9)
The spectral composition of the JSC can be calculated from Equation 3.10,
JSC =
∫
Φ(λ) · EQE(λ) · qdλ (3.10)
where Φ(λ) is the photon flux of the light at a certain wavelength, q is the value of
electronic charge. Φ(λ) can be obtained from Equation 3.11,
Φ(λ) =
F (λ)
hc/λ
(3.11)
where F (λ) is the standard AM 1.5 solar spectrum (International standard ISO 9845-1,
1992) [150], h is the Planck constant, and c is the light velocity. Combining Equation 3.10,
3.11, and the measured EQE in lab with the wavelength step 4λ = 5 nm, the equation
used for JSC is shown as the following.
JSC =
∑
[F (λ) · λ · EQE(λ)] · [4λ/hc · q] (3.12)
3.3.3 Capacitance-voltage characteristics
Capacitance-voltage (C-V) profiles of solar cells in this work were measured by an Agilent
E4980A Precision LCR Meter assisted with Versa Studio sweeping with both forward and
reverse AC biased voltage, and the maximum current is limited to 10 mA with compliance.
The capacitance per unit area Cj at the junction depletion region is defined by the
incremental charge dQ with the incremental change of applied voltage dV .
Cj = dQ/dV (3.13)
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According to Possion’s equation, dQ results in an increase in the electric field by an
amount dE = dQ/dε. Therefore, Cj can be given by:
Cj ≡ dQ
dV
=
dQ
W dQ
εs
=
εs
W
. (3.14)
Replacing W with Equation 2.43, Cj can be expressed as
Cj =
√
qεsNA
2(Vbi − V ) , (3.15)
further transferring into
C(V )−2 =
2(Vbi − V )
qεε0A2NA
(3.16)
Where C is the directly measured capacitance, q is the electron charge; εs = εε0; ε0 is
the vacuum permittivity, ε0 = 8.85× 10−12Fm−1; ε is the dielectric constant of kesterite,
ε = 8.6 is taken in this work based on the calculation from [82]; A is the cell area. Vbi is
the built-in voltage and NA is the doping concentration. NA can be extracted as following
Equation 3.17 by deriving Equation 3.16.
NA =
−2
qεε0A2[d(1/C2)/dV ]
(3.17)
By drawing the figure C−2 verse bias voltage , the linear fits can be made to find out
the slop and intersection with voltage axis. The build-in voltages are estimated according
to the x-intercept. The depletion width (W) can be determined by using εε0A/C at zero
bias [151]. Furthermore, the carrier concentration varies as the distance to the junction
can be plotted based on the Equations 3.17 and 3.14.
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Chapter 4
Composition ratio variation
4.1 State-of-the-art research on composition ratio of
CZTSSe
4.1.1 Optimal composition considering phase stability and sec-
ondary phases
Cu2ZnSn(S,Se)4 kesterite as a quaternary compound material has high complexity
associated with the multi-component system [152]. It is therefore difficult to achieve
single-phase CZTSSe and there is a high probability of obtaining secondary phases.
Certain thermodynamic conditions involving temperature and partial pressures of the
volatile species have to be met in order to keep the equilibrium position of the formation
reaction on the CZTSSe side (see Equation 4.1 and 4.4). The optimal compositional
ratio of comparable high efficient kesterite solar cells was experimentally determined to
approach Cu/(Zn+Sn)=0.85 and Zn/Sn=1.2 [153]. Similarly to chalcopyrite absorbers,
off-stoichiometric materials lead to better perform. The phase equilibria in the Cu2(S,Se)-
Zn(S,Se)-Sn(S,Se)2 system has been reported by I.V. Dudchak et al. [154]. The isothermal
section of the quasi-ternary Cu2Se-ZnSe-SnSe2 system at 670 K is as shown in Fig 4.1a.
This phase diagram indicates the single phase CZTSe without secondary phases only exists
in a narrow region. Y. Qu et al. summarized that kesterite solar cells with high efficiencies
were limited to the small dark hexagon region, shown in Fig 4.1b, formed by Cu-poor
and Zn-rich composition of Cu/(Zn + Sn) = 0.75–0.85 and Zn/Sn = 1.05–1.25 [155].
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(a)
(b)
Figure 4.1: (a)Isothermal section of the Cu2Se–ZnSe–SnSe2 system at 670 K [154], (b)
Efficiency map of CZTSSe thin film devices on the ternary phase diagram [155].
Table 4.1: List of secondary phases and their impact on solar cell performance [47].
Properties Cu2ZnSn(S,Se)4 Zn(S,Se) Cu2(S,Se) Sn(S,Se)2 Cu2Sn(S,Se)3
Bandgap 1.0 – 1.5 eV 2.7 – 3.7 eV 1.2 eV 1.0 – 2.5 eV 0.8 – 1.35 eV
Electrical
properties
Semiconductor
p-type high
defective
Insulator metal like p-
type
n-type p-type
Structural
properties
Kesterite Sphalerite and
wurtzite
Chalcocite Rhombohedral Cubic and
tetragonal
Impact on so-
lar cell per-
formance
Absorber ma-
terial
Insulating,
reduces device
active area
Metallic,
weaken solar
cells
Forms diodes
and barriers
for carrier
collection
Effects carrier
collection effi-
ciency
58
Furthermore, CZTSe stability region is even narrower in reality. Due to the multiple
constituents in the Cu-Zn-Sn-(S,Se) system and the possibility of multiple metal oxidation
states, the occurrence of a large number of binary or ternary secondary phases are easily
formed along with the kesterite phase. Consequently, the synthesis of high quality devices
without any adverse effect of secondary phases is highly difficult [152].
The formation of secondary phases can originate from an initially non-optimal film
composition input which is out of the single phase region, or from a film with initially
optimal composition that breaks down due to non-controlled equilibria conditions during
the formation process [147]. The most common secondary phases in the Cu-Zn-Sn-(S,Se)
system and their impact on solar cell performance are listed in table 4.1 [47].
4.1.2 Kesterite synthesis in equilibrium
CZTS nanoparticles fabrication
CZTS nanoparticles in this work were fabricated in the hydrophobic method as described
in Chapter 3.1.2. OLA is used as the organic ligand layer coating the CZTS inorganic
crystallline nanoparticles to prevent aggregation and provide dispersibility in nonpolar
solvents. The chemical reaction is given as follow.
2Cu(acac)2 + Zn(acac)2 + Sn(acac)2Cl2 + 4S
∆−−−→
OLA
CZTS nanoparticles+ byproducts
(4.1)
In order to direct the reaction towards the formation of CZTS nanoparticles, sufficient S
was added in the precursor solvent. An important experimental variable is the ratio of
the metal cation input to the reaction and can result in the production of different phases.
Therefore, in this work, two different input cation ratios were taken for comparison.
Selenisation of CZTSSe absorbers
During selenisation of CZTS nanocrystals, the stability of the resulting CZTSSe structure
at high annealing temperature should be considered. For the overall formation of large
grain thin films of CZTSSe, the reaction occurs as follows.
Cu2ZnSnS4(s) + Sex(g) ←→ Cu2ZnSnSe4(s) + Sx(g) (4.2)
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Simultaneously, the decomposition of quaternary CZTSSe into its consituent secondary
phases yields the reversible reaction as Equations 4.3 [156] or 4.4 [157].
Cu2ZnSnS4(s) ←→ CuxS(s) + ZnS(s) + SnS(g) + S(g) (4.3)
Cu2ZnSnSe4(s) ←→ CuxSe(s) + ZnSe(s) + SnSe(g) + Se(g) (4.4)
The secondary phases can form during the high temperature annealing. Addition-
ally, CZTSSe films can lose significant amount of Sn as described in decomposition
equations 4.3 and 4.4, because both SnS and SnSe are volatile gases. To guarantee
the phase purity and reduce elemental loss during annealing, the equilibrium reaction
above can be exploited according to Le Chatelier’s principle by controlling the reaction
atmosphere [147]. Therefore, the high partial pressure of Sex(g) or Sn(S,Se)(g) can be raised
to shift the reaction towards the quaternary phase, minimizing CZTSSe decomposition.
Instead of using Se pellets only in the graphite box(standard pressure), the use of SnS(g)
in the annealing atmosphere was also explored to stabilize CZTSSe [156,158].
4.2 Adjustment of the composition ratio in CZTSSe
absorbers
In this work, rigid SLG coated with firstly, 200 nm SiO2 and then 1 µm Mo film were
used as the substrates. SiO2 acts as the barrier layer to prevent the diffusion of Na from
SLG into the absorber. Accordingly, the results are also approximately applicable to
flexible Mo foil substrates which have no intrinsic source of Na. The CZTS nanoparticle
inks were prepared with the same hot-injection method, but with different metal cation
Table 4.2: The input metal ratio for CZTS nano particles synthesis and the added-in Sn
amount during selenisation
Additional Sn in tube furnace Cu Zn Sn
(mg) (mmol) (mmol) (mmol)
Original ratio recipe 0 1.34 0.95 0.75
New ratio recipe 0/3/5/7 1.34 1.15 1
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input as shown in Table 4.2, and labelled original and new ratios. Additionally, together
with the selenisation in Se atmosphere by adding Se pellets in the graphite box, different
amount of Sn powder was added to increase the partial pressure of SnSe during the high
temperature process. The amounts of added Sn powder were 3 mg, 5 mg, or 7 mg. In
all the selenisation processes, a slice of SLG was placed in the graphite box as a sodium
source.
4.2.1 Composition and morphology
According to the literature on kesterite solar cells, the cation ratio should fall into the red
hexagon region, shown in Fig 4.2, to achieve high efficiency performance [155]. In this
work, the original input metal ratio (as the black dots in Fig 4.2) for CZTS nanoparticle
inks, results in an output cation ratio far away from the hexagon as Sn and Zn losses
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Figure 4.2: Ternary phase diagram of CuZnSn(S,Se)4 with different input ratio and Sn
addition amount during selenisation. 0 mg, 3 mg, 5 mg and 7 mg indicate the amount
added-in during selenisation while the CZTS nanoparticle precursor were fabricated with
the new metal ratio input. The stars "F" locate the cation ratio positions of CZTS
nanoparticles fabricated with original and new ratio. The red intersection lines are used
to indicate the stoichiometric point.
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occur during the high temperature annealing process. Based on the loss percentage of Sn
and Zn, the new metal ratio input increases the corresponding amount of Zn and Sn and
it can be seen that the Zn percentage improved in CZTSSe after selenisation (as the red
dots shown in Fig 4.2), but the Sn loss still remains. Therefore, a small amount of Sn
powder was added in the furnace to help prevent the Sn loss [40]. As we can see from
the dots with crosses in Fig 4.2, the Sn ratio in the absorber improves with increasing
amount of added Sn powder, moving the composition towards the hexagon region.
The SEM images of the CZTSSe films after selenisation further demonstrate the effects
Figure 4.3: SEM images of top view and cross-section for the CZTSSe samples made with
original ratio, (a1) and (a2), new cation ratio anealing with added-in Sn power 0 mg, (b1)
and (b2) , 3 mg, (c1) and (c2) , 5 mg, (d1) and (d2), 7 mg, (e1) and (e2).
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of added Sn, shown in Fig 4.3. From the top view morphologies, comparing Fig 4.3 a1
and Fig 4.3 b1, the grain size and distribution do not display major differences when
changing the input metal ratio. All three cross-sectional images exhibit a characteristic
bi-layer morphology associated the CZTS nanoparticle ink fabrication approach i.e. a
large grain layer on top of a fine-grain (FG) layer located between the CZTSSe layer
and Mo back contact. From their cross-section images, the large grain layer increased by
over 200 nm, although the fine grain layer maintained a similar thickness (as shown in
Fig 4.3 a2 to b2). The addition of Sn powder during selenisation, causes the grain size
to increase significantly immediately. As the added-in amount varied from 3 mg to 7 mg,
the cross-section images indicate the increase of the large grain layer and reduced the
thickness of fine grain layer in Fig 4.3 b2- e2. The thickness ratio of the larger grain layer
to the fine grain layer increased to 5.75 from 1.40 when 7 mg Sn was added compared
with the original metal ratio.
The XRD patterns are shown in Fig 4.4a. The peaks corresponding to Mo (110)
plane decrease as the amount of added Sn powder increased because the absorber layer
thickness increases. Major peaks of (112), (204) and (312) planes appear at 27.34◦,
45.35◦and 53.7◦, which match those of polycrystalline kesterite crystal structure (PDF
No: 01-070-8930) [85]. Using the XRD data, the texture coefficients (Chkl) and preferred
orientation (σ) of the samples were calculated by equations 4.5 and 4.6 [159],
Chikili =
I(hikili)
I0(hikili)
[ 1
n
n∑
i=1
I(hikili)
I0(hikili)
]−1
(4.5)
σ =
√∑ 1
n
(Chkl − 1)2 (4.6)
where n is the number of reflections, I(hikili) is the intensity at hikili reflection, I0(hikili) is
the intensity of the corresponding reflection for an absolute random sample. Chkl reveals
the relative change of crystal orientations, and σ from the standard deviation of Chkl
values indicates the degree of randomisation in the crystal orientation. The analyse and
comparison of Chkl and σ are shown in Fig 4.4b [159]. However, as the metal ratio changed
and additional Sn increased, σ increased from 0.64 to 0.80. The crystal orientation varies
further away from standard kesterite crystals, which is not preferred for good device
performance.
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Figure 4.4: (a) XRD pattern of CZTSSe absorber on Mo glasses prepared with different
cation ratio and added-in Sn during selenisation. The peaks are normalized based on the
intensity of peak (112). (b) Texture coefficient (Chkl) and preferred orientation σ.
4.3 The influence of Na and added Sn powder
Na has been demonstrated to improve the device performance with positive effects on
crystal grain growth and formation of beneficial facets as mentioned in Section 1.2.3, and
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therefore the objective of this experiment was to assess the effect of adding both Na and
Sn during selenisation. In order to explore how the Sn powder and Na diffused from SLG
work during selenisation, the added-in Sn amount was fixed at 7 mg, based on the work in
Section 4.2 and it is found that 7 mg Sn has the optimum effect on the CZTSSe absorbers.
For samples described as with Na present, this refers to the introduction of a 0.5× 7.5 cm
SLG microscope slide. For samples selenized without an SLG slice it was decribed as no
Na present. The CZTS nanoparticles were made using new ratio as described in table 4.2.
4.3.1 Composition and morphology
Further research was conducted to investigate the influence of Na present and additional
Sn during selenisation. As it can be seen from Fig 4.5, added either Na or Sn can increase
the grain size, however the top morphology doesn’t seem to improve further when both
or either is added. While from the cross-sectional images, when Na and Sn are present
together, the fine grain layer was reduced from 770 nm to 200 nm compared with no
Sn and Na reference. Notably, these data also agree with the results from Fig 4.3 e2).
Comparing Fig 4.3 b2) and c2) to d2), the fine grain layer is much thicker in b2) or c2)
than in d2), which means the fine grain layer can be reduced effectively only when Na
and Sn work together.
The XRD and texture coefficient analyses are shown in Fig 4.6. C112 increases when
Sn is added and furthermore when Na is also present, while Chkl for some less strong peaks
such as (101), (110), (103), (204) decreases. There is a change of preferred orientation
from small peaks to (112).
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Figure 4.5: SEM images of CZTSSe absorber top views for selenisation directly, (a1), with
only Na present, (b1), with only Sn powder added-in, (c1), with both Na and Sn, (d1);
and their SEM cross-section images, (a2), (b2), (c2), and (d2), respectively.
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Figure 4.6: (a) XRD pattern of CZTSSe absorber on Mo glasses prepared with Sn added-in
or Na present or both. (b) Texture coefficient (Chkl) and preferred orientation comparison.
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4.3.2 Photovoltaic properties
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Figure 4.7: J-V measurement of devices made with Na or Sn treatment.
Solar cells were prepared using the absorbers detailed previously and their performance
is shown in Fig 4.7 with the extracted photovoltaic parameters shown in Table 4.3. The
cells prepared with both Na and Sn exhibited best power conversion efficiency (η), together
with the highest VOC , JSC , FF , Rsh and lowest Rs. The device performance agrees with
the morphologies observed from SEM images in Fig 4.5 and XRD analyse in Fig 4.6. The
absorber with reduced fine grain layer, larger grain size and C112 closer to 1 achieved
Table 4.3: The devices performances with added-in Sn or Na.
VOC JSC FF η Rsh Rs
(V) (mA cm-2) (%) (%) (Ω cm2) (Ω cm2)
Sn+Na 340.0 29.33 35.41 3.53 37.30 8.34
Sn 300.0 24.30 29.67 2.16 21.38 10.29
Na 300.0 24.46 27.86 2.04 25.46 11.28
R 310.0 25.48 29.79 2.35 25.06 9.57
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better performance. Simply Sn added-in couldn’t help enhance the cell performance if we
comparing sample with Sn only to reference, the cell performed better only when Na and
Sn are both present.
4.4 Summary
In this chapter, a series of experiments have been undertaken to adjust the metal ratio
of the CZTSSe absorbers according to the widely reported optimum values for the high
efficiency kesterite solar cells. Firstly, the Sn and Zn inputs were raised based on the
elemental losses observed during the nanoparticle synthesis process. Following this,
different amounts of Sn powder from 3 to 7 mg were added into the selenisation box
to limit the decomposition reaction and minimize Sn loss. It was found that 7 mg of
added Sn benefited the absorber formation most with significant grain size increase and
reduced fine grain layer, as well as a resulting composition ratio closer to the optimum.
Furthermore, the added Sn and sodium influences on the absorbers were explored, as
well as the devices performance. The change of input metal ratio for nanoparticles didn’t
change the absorber morphology and XRD partterns significantly. However, adding Sn
during selenisation can change the cation ratio, and absorber morphologies significantly.
The fine grain layer reduced from around 430 nm to 200 nm when 7 mg of Se powder
was added. Sodium also showed its importance during the selenisation to increase grain
size together with Sn powders. The devices made from Sn and Na both present exhibited
better overall performance than other devices.
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Chapter 5
Flexible kesterite thin film solar cells
The kesterite thin-film solar cells have the advantage of reducing the manufacturing costs
due to their Earth-abundant materials and low material usage. However, presently, the
produced modules are still mainly based on glass substrates. It is necessary to explore
using the flexible substrate to further reduce the manufacturing cost and broaden the
range of applications.
5.1 Substrates preperation
In this work, Mo foil (99.9% purity, purchased from Sigma Aldrich) was chosen as
the flexible substrate, due to its thermal stability and high conductivity. Furthermore
molybdenum is well known as the suitable back contact for rigid devices. The CTE
A) B) C)Mo foil Mo foil/Mo film SLG/Mo film
Ra = 3.15 nmRa = 3.30 nm Ra = 2.18 nm
(a) (b) (c)Mo il Mo film/Mo foil Mo film/SLG
Ra = 3.30 nm Ra = . 5 nm Ra = . 8 nm
Figure 5.1: Three dimensional AFM images of (a) bare Mo foil substrate, (b) Mo foil
coated with Mo film, and (c) SLG coated with Mo film.
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for molybdenum is approximately 5.5 × 10−6 K−1 in the range 25-500◦C [113] which is
slightly lower than the CTE for SLG. The dimensions of the Mo foil substrate were cut
to be 25 mm×25 mm×0.1 mm. The flexible substrates were prepared in two different
ways: one was the bare Mo foil with corresponding resistivity of 5.0 µΩ cm; while the
other was the Mo foil coated with an 800 nm thick Mo film with similar resistivity to
the bare Mo foil. Additionally, an SLG rigid substrate was used for comparison purposes
with dimensions 25 mm×25 mm×1 mm and coated with a 800 mm thick Mo film with
resistivity of 50.7 µΩ cm.
The Mo films on SLG and Mo film were sputtered by direct current magnetron
sputtering with target power density of 9 mW cm−2 and argon pressure of 7 mTorr at
room temperature. Surface roughness (Ra) of the substrates as measured by atomic force
microscope (AFM) were 3.30 nm, 3.15 nm and 2.18 nm for bare foil, foil with sputtered
Mo film and Mo coated SLG substrates respectively, as shown in Fig. 5.1. Overall, the
different substrates have very similar surface roughnesses and within an acceptable range
as substrates for solar cells.
5.2 Structural characterisation
Fig. 5.2a shows the XRD spectra of CZTSSe thin films fabricated on the three substrates
(SLG, Mo foil, Mo foil + Mo). Major peaks at 27.34◦, 45.35◦ and 53.7◦ can be indexed
as (112), (204) and (312) planes corresponding to the Cu2ZnSnSe4 structure (PDF No:
01-070-8930), suggesting that the films are polycrystalline with kesterite crystal structure.
From the position of the (112) peaks on all three substrates, the observed inter-planar
spacing d values approach the standard d value of 3.28 Å. The precise peak positions in
the XRD spectra are affected by the relative ratio of Se and S: increasing Se content causes
a shift to lower 2θ angles as a result of its larger atomic radius(∼ 0.198 nm) compared to
sulphur(∼ 0.184 nm) [160]. Since the three samples show very close peak positions and
match well with standard Cu2ZnSnSe4 patterns, the samples can be considered highly
selenized with only a very small amount of residual S.
The XRD results alone cannot conclusively confirm the crystal structure because of the
peak positions for kesterite and stannite CZTSSe are the same as well as secondary phases
such as ZnSe and Cu2SnSe3 [148,161]. Therefore, Raman spectroscopy was performed and,
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Figure 5.2: (a) XRD patterns and (b) Raman scattering spectra of absorber samples on
different substrates.
as shown in Fig. 5.2b, there is a dominant A1 symmetry mode of CZTSe at 173 cm−1
and 195 cm−1 [145]. The presence of Raman peaks in the region of 236- 248 cm−1 for the
films on flexible foils can correspond to a mix mode of B/E [162] modes.
The Mo film on the SLG substrate shows mainly the (110) orientation while the bare
Mo foil shows both the (200) and (211) orientations. Sputtered Mo on Mo foil shows
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substrates.
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all three diffraction planes (Fig. 5.3). Despite these different orientations, Mo(S,Se)x is
found on all three substrates in Fig. 5.2 at 31.9◦ and 56.3◦ corresponding to (100) and
(110) planes following selenisation [163]. In this case the Mo(S,Se)x grains are oriented
perpendicular to the Mo substrate increasing the adhesion and the electrical conductivity
[164] but also facilitating the diffusion of Se, leading to a thicker Mo(S,Se)x layer [165].
Interestingly, the strength of the Mo(S,Se)x peaks of samples on foil with sputtered Mo
are weaker than those on bare foil. This suggests that the sputtered Mo has limited the
formation of Mo(S,Se)x on this substrate.
Using Equations 4.5 and 4.6, as shown in Fig. 5.4, the Chkl values increase for minor
reflections (101), (211) and (400) for film deposited directly on Mo foil. While this
would indicate a small randomisation of the sample texturing compared to film/foil and
film/glass substrate, the absence of reflections at (110) and (332) points toward a slight
preferred orientation (increase in σ value) along the minor planes.
5.3 Morphology and composition
Fig. 5.5 shows representative morphology of the samples on each substrate. For the
reference sample on SLG, shown in Fig. 5.5a, the CZTSSe film has compact and rounded
grains with a average size of 1-2 µm forming a dense thin film. For the CZTSSe films
on Mo foil shown in Fig. 5.5b and c, the grains are smaller with a size of 0.8-1.2 µm.
This reduction in grain size is likely to stem from the absence of Na doping which is
introduced by the SLG substrate. The thickness of the large-grain CZTSSe layer was
similar for all of the samples at around 750 nm. This is reasonable given that the
same selenisation conditions were applied (selenium mass, temperature and time). It was
previously reported that the selenisation process is controlled by metal cation re-ordering
and grain boundary migration [166].
As shown in Fig. 5.6a, the full range cross-sectional image of CZTSSe on SLG, a thin
250 nm Mo(S,Se)x layer is formed between the CZTSSe absorber and Mo back contact
during selenisation. This is similar for other reported CZTSSe solar cells [167, 168]. On
the other hand, for samples on Mo foil substrates, (Fig. 5.6b and c) the Mo(S,Se)x layer
was much thicker than that on SLG. This is especially true for the Mo(S,Se)x layer on
bare Mo foil which was up to 7.2 µm. The application of a sputtered Mo film on Mo foil
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Figure 5.5: Surface morphology of CZTSSe sample on (a) SLG, (b) molybdenum foil and
(c) molybdenum foil with Mo film. Cross-sectional image of samples on (d) SLG, (e)
molybdenum foil and (f) molybdenum foil with Mo film.
substrate reduced this to 2.4 µm. This difference between the samples is consistent with
the trend observed in the XRD spectra for Mo(S,Se)x. The thicknesses of the Mo(S,Se)x
layers were further confirmed with EDS line scans (Fig. 5.6d, e and f) corresponding to
the red regions marked in Fig. 5.6a, b and c. It can be seen clearly from Fig. 5.6e and f
that the layer between the flexible foil back contact and CZTSSe absorber consists mainly
of Mo and Se in the atomic ratio of around 1:2. For the sample on SLG (Fig. 5.6a), the
Mo(S,Se)x formed only a thin layer on top of Mo film back contact.
5.4 Photovoltaic current-voltage characteristics
Thin film solar cells were fabricated on all three substrates and the current density (J)
versus voltage (V ) characteristics for champion devices are shown in Fig. 5.7a. The
extracted photovoltaic performance characteristics together with average performance
values are listed in Table 5.1. It can be seen that the device on SLG exhibited a power
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Figure 5.6: The full range cross-sectional SEM images for samples on (a) SLG, (b)
molybdenum foil and (c) molybdenum foil with Mo film layer, and EDS line scans across
the film thickness in (d), (e) and (f), respectively. The red regions show the positions of
EDS line scans.
Table 5.1: Optoelectronic parameters of CZTSSe solar cells on different substrate. The
numbers in brackets are average.
Substrate
VOC JSC FF (%) PCE Rs Rsh
(mV) (mA cm−2) (%) (%) (Ω cm2) (Ω cm2)
Mo foil
280 19.9 27.3 1.5
12.2 16.7
(247±7) (19.6±1.9) (27.8±0.4) (1.35±0.17)
Mo foil + film
280 31.8 42.6 3.8
2.9 36.3
(276±10) (28.4±3.8) (45.0±2.4) (3.48±0.24)
Glass
300 25.7 53.8 4.0
2.5 72.8
(302±8) (25.6±0.8) (49.5±2.4) (3.8±0.19)
conversion efficiency (PCE) of 4.0% while in contrast the device on bare flexible Mo had
a PCE of 1.5%. Despite achieving a similar VOC , the degradation can be attributed to a
substantially increased series resistance Rs caused by the presence of a thick Mo(S,Se)x
layer. The effect of the sputtered Mo layer is immediately clear in Fig. 5.7a as the PCE
77
-0.1 0.0 0.1 0.2 0.3 0.4
-10
0
10
20
30
40
400 600 800 1000 1200 1400
0
20
40
60
80
100(b)
 
 
J
 
(m
A 
cm
-
2 )
V (V)
 Film/Foil
 Foil
 Glass
(a)
EQ
E 
(%
)
Wavelength (nm)
 Film/Foil
 Foil
 Glass
Figure 5.7: (a) JV curves and (b) EQE reponse of solar cells on rigid and flexible
substrates.
becomes comparable to the SLG device at 3.8%. Notably, considering the density of
power for the solar cells which indicates the power produced per unit weight, the power
density achieved with the flexible cell is more than double that of the device on SLG.
From Table 5.1, it can be seen that while the flexible device achieves a similar value of
Rs using a sputtered Mo layer, Rsh is significantly lower than the device on SLG. This
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is attributed to the increased grain boundary density in the CZTSSe absorber on foil
substrates. For the Mo foil with sputtered Mo film device presented in Fig. 5.7a and
Table 5.1, the thickness of the sputtered Mo layer was approximately 800 nm. Increasing
this to 1200 nm further reduced Rs to 2.6 Ω cm2, confirming the hypothesis that limiting
the formation of the Mo(S,Se)x layer reduces series resistance.
Fig. 5.7b shows the EQE characteristics for the three devices. The signal for the
device on bare foil is substantially reduced relative to the SLG and foil with sputtered
Mo substrates. This is due to the vastly reduced collection probability created by a
performance limiting Mo(S,Se)x layer. Interestingly, the EQE for the device on foil with
sputtered Mo has a slightly larger EQE towards long wavelengths despite having smaller
average grain size. This is consistent with the values of JSC obtained from Fig. 5.7a (and
listed in Table 5.1) and suggests considerable potential for the technology.
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Figure 5.8: SIMS elemental depth profiles of Mo foil substrate (solid lines) and Mo foil
coated with Mo film substrate (dash lines).
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5.5 Investigation of substrate impurities
In order to further assess the quality of the Mo foil substrate onto which the CZTS
nanoparticle inks were deposited, SIMS measurements were performed on the bare Mo
foil and the Mo foil with a sputtered thin Mo film. These data are shown in Fig. 5.8,
which shows that the bare foil substrate exhibits one and two orders of magnitude higher
levels of Fe and Cr respectively, than the Mo foil with Mo film. Note that in the case of
the Mo foil coated with Mo film, the ion beam has not penetrated through the sputtered
Mo layer to the foil. As expected therefore, the sputtered Mo provides a purer substrate
than the bare foil and may result in a better interface within the device. Taking together
with the photovoltaic performance data, it can be concluded therefore that on its own Mo
foil is unsuitable as a substrate for flexible CZTSSe solar cells.
Fig. 5.8 also indicates a difference in Na signal between the substrates which, although
not as large as for Fe and Cr, is still significant. The influence of sodium incorporation on
CZTSSe morphology and cell performances have been widely reported [39,40,64,169–171]
and it plays a positive role in the reduction of grain boundary density via the formation of
large grains. The use of SLG as a rigid substrate in our work provides an intentional source
of intrinsic Na doping. However, using Mo foil as a substrate unintentionally introduces
Na into the process, although this is not as much as contained in SLG.
In addition to the Mo foil, background sources of Na may also exist in the process
arising for example from the selenisation furnace [172]. In order to assess the possible
influence of these, elemental depth profiling was performed on devices built on all three
substrates using SIMS as shown in Fig. 5.9. The SIMS data allow for identification of
the various layers in the devices including the Mo(S,Se)x and FG/LG CZTSSe layers.
All three samples exhibit an oscillating Na signal throughout the device which confirms
the presence of uncontrolled Na sodium sources in the fabrication process. Interestingly,
the device on SLG shows a local maximum in the Na signal in the FG CZTSSe layer
(Fig. 5.9a) while in contrast the devices on foil show a local minima in the same region.
This reduction may be responsible for the smaller average grain size observed in the LG
CZTSSe layer in the foil devices and overall, these features merit further investigation to
achieve comparable Rsh in Mo foil devices.
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Figure 5.9: SIMS elemental depth profiles of CZTSSe on substrate (a) SLG, (b)
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fine-grain.
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5.6 The effects of different Mo film thicknesses
As described in Section 5.1-5.5, a thin filmMo coating on a Mo foil substrate can effectively
enhance the performance of solar cells. Further work was done to explore the influence of
different Mo film thicknesses on the devices.
Mo thin film of thickness 600 nm, 900 nm, and 1200 nm were applied to Mo
foil substrates by varying the effective coating time as 60 min, 90 min and 120 min,
respectively. The samples on Mo foil substrates coated with different Mo film thicknesses
showed a broadly similar morphology including grain size, layer thickness, and the XRD
pattern, as the sample properties described in section 5.2 and 5.3.
The thin film solar cells were also built on three Mo foil substrates coated with different
thicknesses of Mo film . The current density (J) versus voltage (V ) for champion devices
comparing are shown in Fig. 5.10 a for 600 nm, 900 nm, and 1200 nm coated Mo film
substrates, respectively. The extracted photovoltaic performance characteristics are listed
in Table 5.2. It can be seen that the device performance improves with increasing Mo
film thickness, and the best power conversion efficiency of 3.72 % is achieved with the
1200 nm coated Mo film. This device also exhibited the lowest series resistance (Rs) of
2.6 Ω cm2, highest open circuit voltage (VOC) of 280 mV, and greatest short circuit current
Table 5.2: The performance of devices built on Mo foil + Mo film substrates with varying
thickness of sputtered Mo film. TMo here means the thickness of coated Mo film. The
numbers in brackets are average.
TMo VOC JSC JSC from EQE FF η Rsh Rs
(nm) (mV) (mA cm-2) (mA cm-2) (%) (%) (Ω cm2) (Ω cm2)
600 270 24.9 29.9 51.0 3.4 123.4 3.0
(266±5) (25.4±1.4) (48.4±1.6) (3.3±0.1)
900 270 23.3 29.3 53.6 3.6 108.9 3.1
(260±11) (28.2±5.7) (47.2±6.3) (3.3±0.2)
1200 280 25.5 30.0 52.2 3.8 76.01 2.6
(279±3) (25.1±1.9) (51.7±1.7) (3.6±0.2)
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Figure 5.10: (a) Illuminated J-V performance comparison. Illuminated and (b) External
quantum efficiency comparison for devices made on Mo foil coated with different Mo film
thickness.
density (JSC) of 25.5 mA cm-2. The improvement of cell performances with increasing
Mo thickness can result in the better barrier for the impurities from the substrates and
the further reduced Rs.
From the EQE (Fig. 5.10 b) measurements for these three types of devices, their signals
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are very similar. The devices on 600 nm and 1200 nm Mo film achieved slightly higher
EQE then the other at the wavelength region from 700 nm to 1000 nm. The extracted
JSC from EQE, as shown in Table 5.2, are consistent with trend of measured JSC . The
extracted JSC are higher because the EQE were measured at the active area only without
shade effect of the front contact grids.
5.7 Summary
The performance of thin film CZTSSe solar cells fabricated on Mo foil substrates has
been presented. It is found that on its own, Mo foil is an unsuitable substrate due to the
formation of a thick Mo(S,Se)x layer formed during the fabrication. These effects can be
mitigated by the introduction of a thin Mo sputtered layer which preserves the advantages
of a low cost foil substrate that is compatible with high volume manufacturing. Devices
on SLG contain an intrinsic source of Na doping which promotes the formation of large
grains in the CZTSSe photovoltaic absorber. For development of the technology on foil
substrates, it is necessary to develop approaches towards controlled introduction of Na,
also achieve comparable grain sizes and Rsh to SLG. This is explained in the following
chapter.
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Chapter 6
Sodium fluoride doping of CZTS
nanoparticle inks
6.1 State-of-the-art research on alkali doping
Flexible solar cells have the potential to enable new applications in small-to-medium scale
distributed energy and must therefore be cost competitive and sustainable. Considerable
success has been achieved with thin film CuInGa(S,Se)2 (CIGS) on a polyimide (PI)
substrate demonstrating up to 20.4% solar energy conversion efficiency [38]. Compared
with CIGS, Earth abundant Cu2ZnSn(S,Se)4 (CZTSSe) lags in performance and nowhere
is this more evident than in the flexible domain with a record efficiency of 5.6% on a
ferritic stainless steel foil substrate [40]. There is therefore a pressing need for fundamental
research to address this challenge.
Irrespective of substrate choice, the incorporation of alkali dopants in both CIGS and
CZTSSe is critical to achieve high performance and this is associated with a reduction
in the density of grain boundaries which limits the collection of photo-generated carriers
due to non-radiative recombination. For example, the formation of liquid Na2Sex phases
during annealing has been associated with improved grain growth [173] and favourable
formation of (112) crystal facets [62, 63], as well as increasing the device open circuit
voltage (VOC) and fill factor (FF) [59,64–66]. The improved VOC is explained as a higher
built-in voltage resulting from movement of the bulk Fermi level toward the valence band
thereby reducing the influence of deep recombination centres, while higher FF stems
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from increased bulk CZTSe conductivity with increased hole density and mobility [64].
For research-grade thin film solar cells, the source of Na-doping has commonly been
provided by a soda lime glass (SLG) substrate with diffusion of Na to the photovoltaic light
absorbing layer occurring during a high temperature processing step [51]. Alternatively,
for Na free substrates, sodium may be incorporated by doping the back contact (MoNa)
[40, 49, 59] or by introducing additional layers before or after the photovoltaic absorber
formation [40, 60, 61]. In this chapter, CZTS nanoparticle inks are doped with Na as a
low-cost doping method.
6.2 Samples preparation and experimental method
As concluded in Chapter 5, a sputtered Mo film on Mo foil substrate can limit the
formation of the Mo(S,Se)x layer and diffusion of the impurities from foil substrate, also
further reduce series resistance Rs. Therefore, for the work in this chapter, the substrates
are Mo foil (99.9%, Sigma Aldrich) sputtered with a Mo film (∼ 1800 nm) by direct
current magnetron sputtering with target power density of 9 mW cm−2 and an Ar pressure
of 7 mTorr at room temperature.
CZTS nanoparticle inks were chemically synthesised using the well-established hot
injection of metallic precursors into surfactant as described in detail in Chapter 3. NaF
powder was dissolved in the obtained inks as a novel and effective doping method.
For Na-doping, 1.9 mg of NaF was added directly to a 1.5 mL of hexanethiol
solution of CZTS nanoparticle inks with concentration 100 mg/mL, obtaining the sodium
concentration of 0.03 mol/L. It is a reasonable value for doping with a similar ratio of
alkali to CZTS as most reported literatures [40, 53, 54, 174, 175]. To evaluate the effect
of introducing Na doping, reference devices without NaF were also fabricated on Mo foil
substrates. With the exception of the introduction of Na, the fabrication and processing
of devices were nominally identical.
6.3 Photovoltaic performance
Fig. 6.1 (a) shows JV characteristics for solar cells fabricated from doping and reference
CZTSSe absorbers described above, under illuminated and dark conditions. Additionally,
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Figure 6.1: (a) JV curves of cells prepared from doping and reference inks on Mo foil.
(b) EQE spectra for two samples. The bandgap is estimated by the minimum value of
the derivative of the EQE curves within the long-wavelength range.
the extracted values of VOC , short circuit current density (JSC), fill factor (FF), efficiency
(η), series (Rs) and shunt (Rsh) resistance are given in Table 6.1. It can be seen that
the Na doping device on a flexible Mo foil substrate exhibits an efficiency of 4.4% which
is a substantial improvement relative to the reference device. Table 6.1 indicates that
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Table 6.1: The devices performance comparison with doping sample and reference. The
numbers in brackets are average.
VOC JSC FF η Rsh Rs
(mV) (mA cm-2) (%) η (%) (Ω cm2) (Ω cm2)
Doping 300 33.9 43.5 4.4 39.1 3.4
(300± 7) (33.7± 0.4) (41.9±1.3) (4.2±0.2)
Reference 250 25.3 39.3 2.5 33.4 4.5
(240± 8) (24.0± 1.3) (38.5±0.9) (2.4±0.1)
the origin of this improvement is found in both VOC and JSC . Notably both doping and
reference flexible solar cells exhibit degraded Rsh relative to a device on a rigid SLG
substrate (data shown in Table 5.1) although the overall device efficiency was comparable
for the Na-doping flexible device.
The EQE response measured at the active areas for the devices are shown in Fig 6.1 (b).
The bandgap energy can be determined by the minimum value of the derivative in the
long-wavelength region. The extracted bandgaps are both around 1.08 eV indicating no
significant influence of the Na on this fundamental optoelectronic property. Photocurrent
(JSC) values were obtained by integration of EQE according to equation (Equation 3.12)
yielding 32.5 mA cm-2 and 28.2 mA cm-2 for the doping and reference devices, respectively.
These values are similar to those in Table 6.1 which were obtained from the JV
measurement. In general, the EQE for the doping sample exhibits an overall improvement
from short to long wavelengths. This indicates longer carrier diffusion length and reduced
recombination in the doping sample. These effects have previously been associated with
an increased absorption in the CTZSe absorber grain size [176,177].
6.4 Morphologies and composition
In order to investigate the differences in AM 1.5 JV characteristics and EQE signals
between the doping and reference flexible solar cells, SEM top view and cross-section
images were obtained from selenised CZTSSe thin film absorbers as shown in Fig. 6.2. Top
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Figure 6.2: Top view and cross-sectional morphologies for CZTSSe absorbers for both (a)
reference and (b) doping samples.
view images for the doping (Fig. 6.2(a)) and reference (Fig. 6.2(b)) qualitatively indicate
that Na-doping yields smoother, homogeneous large grains resulting in a more uniform
absorber. This improvement in grain properties may be correlated with the substantial
increase in JSC observed in Table 6.1 between the devices. Cross-sectional images reveal
less significant features however, it is notable that the characteristic fine grain layer [167]
commonly observed between the Mo substrate and the CZTSSe absorber is much thinner
(20 nm) in the doping sample compared with the reference sample (350 nm). In addition
the Na-doping absorber is thinner than the reference case which is interesting because
the device EQE (Fig. 6.1) is actually greater across the spectrum for Na-doping device
suggesting better capacity for charge extraction than in the reference absorber. This
may follow directly from the Na-doping technique because the dopants are assumed to be
distributed evenly throughout the nanoparticle precursor layers and therefore the origin
of Na required to promote grain growth is immediately available during the selenisation
process.
The compositions of the films for two samples were determined by the EDS linescan,
as shown in Fig 6.3. The atomic ratio of carbon in the fine grain layer of the doping
sample is much lower than the reference sample, and S ratio is also reduced. Comparing
the large grain layer of the doping sample to the reference sample, the content of Sn is
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Figure 6.3: EDS line scans across the film thickness in (a) Na doping sample and (b)
reference sample, respectively. The red regions show the positions of EDS line scans.
higher and Cu is poorer. Also, only very few S is left in the larger grain layer in both
samples.
XRD data for the doping and reference flexible solar cells are shown in Fig. 6.4a.
The two peaks marked as orange stars are the reflection from MoSex. The peak at
52.55◦ marked as a grey star is a reflection from the strong peak at 58.67◦ which is
matched to the Mo pattern. For CZTSe patterns, the major peaks of (112), (204) and
(312) planes appear at 27.34◦, 45.35◦ and 53.7◦, matching the polycrystalline kesterite
crystal structure (PDF No: 01-070-8930) [85]. After doping, as shown in Fig. 6.4b, the
texture coefficient Chkl increased to 1.02 for the (112) peak and (312) peak, but decreased
90
20 30 40 50 60 70 80 90
*
(21
1)
(11
0)
(24
4)
(33
2)
(40
0)
(11
6/
13
2)(2
04
/2
20
)
(12
1)
(10
3)
(11
2)
(11
0)
 
 
In
te
n
si
ty
 
(a.
u
.
)
2-Theta (°)
 Reference
 Doping
(10
1)
CZTSe  PDF 01-070-8930
Mo  PDF 00-042-1120
*
*
(101)
(110)
(112)
(103)
(211)
(204)
(312)
(400)
(332)
(244)
σ
0 1 2 3
Chkl
 Doping
 Reference
(a)
(b)
Figure 6.4: (a) XRD pattern of CZTSSe absorber on Mo foil substrate prepared from
doping solution and reference. (b) The crystal texture data and the preferred orientation
for doping and reference samples.
to less than 1 for the (204) peak. This indicates that the preferred orientation changes
from (204) to (112) and (312) following the introduction of Na. The peak at (110) also
disappeared in the doping sample. The change in orientation preference can be related to
a more uniform concentration of Na from the Mo interface upward during the selenisation.
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Figure 6.5: SIMS profile indicating the Na, Fe, Cr, Mo content. The solid lines indicate
the reference sample, and the dash lines indicate the doping sample.
The calculated degrees of preferred orientation σ are 0.90 and 0.92 for doping and reference
samples, respectively which indicates little change in crystallographic orientation between
the samples [159].
SIMS measurements for Na and possible impurities are shown in Fig. 6.5. To enable
comparison between the doping and reference samples, the data were normalised to the
same Mo counts level. The different rise times of Mo signal between two samples results
from the different absorber thicknesses. The data clearly show that with the exception
of a small region towards the surface of the absorber, the Na level in the doping sample
is higher than the reference sample throughout. Additionally, the amount of Na is also
reasonably constant throughout the absorber demonstrating an intrinsic advantage of the
solution doping approach over introducing an additional sodium-containing layer above
or below the absorber. The source of background Na in the reference sample is likely
to come from residual Na in the selenisation furnace [169]. Other impurities such as Fe
and Cr were also present in both samples originating from the foil substrate although
interestingly the doping sample also shows lower levels of Cr and Fe diffusing from foil
substrate.
In order to quantify the difference in Na concentration observed in the SIMS data,
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Figure 6.6: (a) Capacitance-voltage characteristics (CV) of doping and reference devices.
Inset: 1/C2 vs potential profiles to determine built-in voltage. (b) The carrier
concentration profile vs the distance from the junction interface.
capacitance-voltage measurements (CV ) were performed with both forward and reverse
AC biased voltage. These data are shown Fig. 6.6 (a) for both the doping and reference
devices. The relationship between bias voltage and capacitance given by the Mott
Schottky equation given as Equation 3.16 in Chapter 3 [178],
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The Mott Schottky plot of 1/C2 versus applied bias voltage is shown in the inset to
Fig 6.6 (a) based on Equation 3.16. The value of Vbi for each device is estimated by the
intersection of linear fits with voltage axis to be 271.6 mV for the Na-doping sample and
273.5 mV for the reference.
Within the depletion regions of studied films, there can be an additional dynamic
response to the applied AC bias at the positions where the electronic levels of the
defect cross the quasi-Fermi level. Therefore, the junction capacitance response can be
expressed as a function of the distance from the junction interface x which is related to
the capacitance through,
C =
εε0A
x
. (6.1)
The depletion width (Wd) can be determined by using εε0A/C at zero bias [151]. It
is found that Wd decreases from 0.16 µm for reference to 0.10 µm. Further more, NA
can be extracted by Equation 3.17. Based on the Equations 6.1 and 3.17, a plot of
carrier concentration and distance to the junction is drawn in Fig. 6.6 (b). As can be
seen, the carrier concentration is higher for the doping sample (2.7 × 1016 cm-3) than
reference (7.7 × 1015 cm-3). The higher carrier density in kesterite devices happens
simultaneously with smaller depletion region width is consistent with previous reports
[179]. It can be assumed that the apparent carrier concentration is proportional to
the doping concentration. Correlating EQE in Fig 6.1b and CV results, the observed
improvement in the EQE for the Na-doping sample can be explained as higher doping
concentration. In addition to the increase of carrier concentration, Na doping can have
other beneficial properties related to electronic transport, such a passivation of donor
and deep defects at the Grain Boundaries which can reduce non-radiative recombination
significantly [64, 180]. Furthermore, VOC and FF increase can result from a reduction of
interface recombination at the CdS/CZTSe interface due to a Na induced Cu depleted
surface creating an electronically inverted absorber surface (n-type) as reported at
CdS/CIGS interface [40, 181].
6.5 Summary
In this chapter, a simple and novel approach to introducing Na-doping in flexible CZTS
nanoparticle ink solar cells built on Mo-foil substrates is described. The introduction
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of Na-doping was found to improve the device performance from 2.5 % to 4.4% and
this was attributed to the formation of a more uniform thin film absorber morphology
resulting in improved charge extraction. The doping approach lends itself to high volume
manufacturing as a result of solution processing and an additional key benefit is that the
doping profile is reasonably constant throughout the device. This is in contrast to doping
techniques which rely on the introduction of an additional thin film layer into the device
structure.
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Chapter 7
Conclusions and Outlook
7.1 Thesis summary
In this thesis, the CZTSSe absorbers were prepared from CZTS nanoparticle inks
synthesised by a hot injection method. The devices fabricated from the selenisation
of CZTS nanoparticle precursors have proven a relativity facile way to achieve efficient
CZTSSe solar cells. The process also has advantages such as the relatively non-toxic
chemicals involved, and ease of obtaining nanoscale homogeneity. It was found that
adding Sn to the selenisation furnace is an effective way to reduce the elemental Sn loss
during the selenisation. The presence of Sn and Na at the same time in the selenisation
furnace reduced the fine grain layer thickness significantly, and improved the large grain
layer into a more uniform and denser film.
To deposit devices on flexible Mo foil substrates, a sputtered Mo thin film was found
to reduce the formation of a detrimental MoSe2 layer. More specifically, it was found that
series resistance reduced as the thickness of the deposited Mo film increased. The Mo
film also acts as barrier layer to block the diffusion of impurities from the Mo foil. By Na
doping the nanoparticle inks, it improved the conversion process from CZTS to CZTSSe
by reducing the formation of a fine grain layer significantly and results in a uniform and
dense large grain layer. It was proved by the CV measurements to be an effective doping
method with higher doping concentration. Finally, flexible devices deposited on Mo film
coated Mo foil substrates achieved an efficiency of 4.4% when prepared from a Na-doping
CZTS nanoparticle ink.
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While the challenges concerning this approach were pointed out and summarized
in Section 2.3. It is complex to control the CZTSSe absorber stoichiometry due to
the two-step process. However, the formation energies of most defects are related to
the stoichiometry of the absorber material. Deep defects such as Vse, SnZn, SnCu,
(2CuZn + SnZn) exist commonly within the produced CZTSSe absorbers, resulting in
increased Shockley–Read–Hall recombination. Numerous grain boundaries may also act
as Shockley–Read–Hall recombination centres. CZTSSe absorbers fabricated using the
nanoparticle ink approach typically have a bilayer structure: larger grain CZTS on top of
the fine grain layer, which is commonly considered to consist of the residual carbon and
selenium. The formation of MoSe2 at the interface between the absorber and back contact
is also a controversial topic. A considerably thin MoSe2 layer was reported beneficial to
CIGS devices, however it is found that it acts in an opposite way on CZTSSe solar cells
due to the formation of a Schottky barrier instead of an Ohmic contact.
A series of work has been done to adjust the stoichiometry of the CZTSSe absorbers
in Chapter 4, according to the widely reported optimum values for the highest performing
kesterite solar cells. The significant Sn and Zn losses were considered during CZTS
nanoparticle fabrication, while Sn loss was considered during high temperature selenisa-
tion. Besides varying the input cation ratio for CZTS nanoparticle fabrication, different
amounts of Sn powder were added into selenisation box to reduce the decomposition
reaction and minimize Sn loss. It was found that the additional Sn makes a difference to
the cation ratio and the absorber morphologies. Sodium diffused from SLG demonstrated
its importance during the selenisation to increase grain size together with Sn powders. The
devices made in the presence of both Sn and Na exhibited much better overall performance
than other devices.
In addition to the conventional CZTSSe research, the flexible substrates were studied
in this thesis. In Chapter 5, Mo foil was used as the substrates for CZTSSe solar cells.
Mo foil is thermally stable, highly conductive, and equipped with a coefficient of thermal
expansion similar to CZTSSe absorber. Initially, CZTS nanoparticle inks were spin coated
directly onto Mo foil. It was found that a thick Mo(S,Se)x layer formed during selenisation
making the bare foil unsuitable as a substrate. After the introduction of a thin Mo
sputtered layer, however, the thickness of MoSex decreased significantly and became more
comparable to that on SLG. Correspondingly, the power conversion efficiency on the Mo
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film coated foil substrate improved to 3.8% from 1.5% on bare Mo foil. Additionally, Rs
reduced significantly with the reduced thickness of MoSe2. At the same time, the lack of
a Na source for devices on the Mo foil substrate is considered as one of the reasons for
different absorber morphologies and inferior device performance. Further work was made
to sputter different thicknesses of Mo films on Mo foil substrates. As expected, the device
efficiency improved as the Mo film thickness increases.
Continuing with the work on flexible Mo foil substrates, in Chapter 6, a novel doping
approach was taken by introducing Na directly into CZTS nanoparticle inks to create
flexible CZTSe solar cells. CV measurement showed that the doping concentration
increased by an order of magnitude. The device performance improved from 2.5% to
4.4% and this was attributed to the formation of a more uniform thin film absorber
morphology, resulting in improved charge extraction.
7.2 Outlook
The work that done in this thesis targeted the current challenges experienced in
attempting to understand CZTSSe flexible thin film solar cells and proposes several
possible solutions. Based on the work and results achieved in this thesis, a few suggestions
can be made for the future work of improving CZTSSe flexible solar cells.
1. The elemental loss mechanisms during CZTS nanoparticle fabrication and
selenisation are still indistinct. More sets of experiment with varied cation input can
be tried to bring the absorber stoichiometry to the widely reported optimum value.
2. The absorber morphologies improved and fine grain layer reduced significantly by
adding Sn in selenisation process in Chapter 4. It is worth investing more time and effort
to finish the cells and check their photovoltaic performance.
3.To continue the work on flexible Mo foil substrates, a thin barrier layer could be
applied prior to the Mo film sputtering to prevent impurities diffusing into the absorber
from the Mo foil. While the thickness of barrier layer should be taken cautiously, the
band diagram alignment should also be considered.
4. Concerning alkali doping in the CZTS nanoparticle inks, different Na doping
concentration could be introduced to identify the optimum. Furthermore, different
dopants such as K, Rb, Cs, or combination could be explored in future work. Other
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doping methods such as doping the substrate Mo film, depositing a thin layer of sodium
source before or after the absorber layer are also promising ways to boost the device
efficiency. For the doping experiment, the processes should be controlled tightly to avoid
possible contaminations of sodium from other sources such as the annealing furnace and
sputtering chambers.
In the broader term, tandem solar cells can be an effective way to make better use of
the light and achieve higher overall efficiency. CZTSSe material, with around a 1.0 eV
band gap, can be combined with higher band gap materials, such perovskite (1.5- 1.9 eV)
and monolayer MoS2 (1.8 eV), to form the ultra-thin tandem flexible solar cells.
Ge-alloying in kesterite solar cells is drawing researchers’ attention gradually in recent
years. The absorber band gap can be increased by the amount of Ge alloyed, which makes
this approach attractive. Some groups reported that Ge-alloyed kesterite devices obtained
obvious improvements. While Ge-alloying with CZTSSe synthesised from nanoparticle
inks was reported 8.4% efficiency achieved with atomic ratio Ge/(Ge+Sn) = 0.17 [182].
The fabrication of Ge-alloyed CZTS nanoparticle inks is definitely worth more exploration
for the future work.
Overall, the research of CZTSSe solar cells marches steadily and actively. Despite the
challenges and obstacles, the improvements over years and achievements reported recently
show a promising trend for CZTSSe to reach or exceed the performance of CdTe or CIGS
solar cells.
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